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This issue, Number 2 of Vol. 52, of the QUARTERLY TRANSACTIONS of the 
American Institute of Electrical Engineers, contains the remainder of the papers 
and related discussion presented at the Winter Convention, New York, N. Y., 
January 23-27, 1938. The papers presented at the first three sessions of this 
meeting were published in the March 1933 SUNS number of the 


TRANSACTIONS. 


The material presented at the North Eastern District meeting, Schenec- 
tady, N. Y., May 10-12, 1933, and the Summer Convention, Chicago, Illinois, 
June 26-30, 1933, and recommended for publication is scheduled for inclusion in 


the September quarterly. 


A complete table of contents may be found on the first page, and an index 
of the authors included in this issue is appended. The complete annual index 
will appear in the last quarterly of this volume. 


As an explanation of inevitable inconsistencies that may be noted in this 
and the next subsequent numbers, it is significant to note that a change has 


been made in the basic reference dictionary by which the editorial staff is 
guided in the preparation of copy for publication. 


Beginning January 1, 1933 ““Webster’s International Dictionary” (G. & C. 
Merriam) was adopted as the editors’ guide and arbiter for all published matter. 
Material composed for publication since January 1 follows the new guide but, 
for economical reasons, standing material will not be changed. Thus, the two 
styles may appear side by side until all standing material has been published. 
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Low Frequency Self-Exciting Commutator 


Generator 
BY J4L Ure 


Member, A.I.E.E. 


BACKGROUND AND FIELDS OF APPLICATION 


ITH the exception of such profuse outpourings 
of ideas as follow a fundamental scientific dis- 
covery or a basic invention, it is seldom that 

the study of a supposedly new field of activity fails to 
disclose to the investigator many earlier pioneers than 
himself. Little absolutely original thought is left for 
discussion; yet new viewpoints can be presented, new 
details developed, and the visions of past thinkers can 
be viewed, reconstructed in the newer light of the pres- 
ent and brought closer to the point of maximum service. 
Thus let the writer hasten to disclaim any pretense to 
being the sole or the earliest pioneer in the effort to use 
the self-exciting alternating current commutator gen- 
erator as a source of electrical power. To consider a few 
who have in the past been interested in this property 
. the reader is referred to Alternating Current Machinery— 
Induction Alternator by William Stanley and G. Fac- 
cioli— TRANS. A.I.E.E., Vol. XXIV, 1905, pp. 851-877, 
where the use of a small self-excited commutator gen- 
erator as an exciter for an induction generator is dis- 
cussed; to certain patents of Arthur Scherbius and writ- 
ings of Walter Seiz, both at the time of these activities 
connected with the Brown Boveri Company; to an ar- 
ticle on a self-excited three-phase exciter machine with 
short-circuited stator winding by A. Leonhard appearing 
in Archiv fir Elektrotechnick Vol. 20, No. 2, 1928, 
and the investigation of Minorsky and others. Aside 
from the record of published literature, the tendency of 
various forms of a-c commutating apparatus to self- 
excite has frequently been noted by the writer in his 
daily practise. Commonly this is in an objectionable 
form, sometimes requiring careful study for its sufficient 
control or suppression. An engineer’s business is to di- 
rect the forces of nature to the purposes of man, and a 
true engineer normally enjoys his work, but his happi- 
ness is complete when he is able to direct a naturally 
harmful force into useful channels. So the writer has 
long been waiting for a state in the electrical art to ar- 
rive which would justify the effort to turn this harmful 
property of self-excitation to some valuable service. 
Since the output of a synchronous generator of 25 
cycles or less is seriously limited by its speed, low fre- 
quency applications will be the most attractive for the 
commutator generator, the more so, as commutating 
conditions are easier the lower the frequency. If the 
frequency could be altered independently of the speed, 


~ *General Electric Company, West Lynn, Mass. 


Presented at the Winter Convention of the A.J.H.H., New York, 
N.Y., January 28-27, 1933. 


the fields of application would be broadened. The num- 
ber of likely specific applications for a very low fre- 
quency power source is considerable and appears to be 
increasing. Typical examples needing an auxiliary con- 
stant voltage—constant low frequency supply are such 
machines as printing presses and super-calenders for 
paper mills, where it is desired to operate induction (or 
synchronous) motors for adjusting or “‘barring’”’ at very 
low, yet stable speeds. Another possibility is presented 
by the drive of rolling mill table roll motors, which for 
the service conditions can be best built for low fre- 
quency. Certain vibratory devices are best operated by 
10- or 15-cycle power. Moreover, new possibilities might 
be opened up for frequently reversing motors, by the 
use of suitable progressive or, continuous changes of 


Fig. 1—PotypPuHaste SELF-HXcITATION AT O FREQUENCY 
(D1rEect-CURRENT) 


both voltage and frequency, whereby reversals can be 
attained with less time and energy loss. Still another 
type of application is the drive of a group of machines 
requiring to be synchronized at all times even during 
starting, stopping and rest, the members of which might 
be each actuated by a synchronous motor, all these 
motors driven in common from continuously varying 
voltage and frequency. The frequency passes through 
O with a stable minimum voltage of appropriate value 
for best working conditions. This increasing number of 
varied likely possibilities caused the writer and his as- 
sociates to undertake to make what is possibly the first 
commercial use of a self-exciting alternating current 
commutator generator as the prime source of energy for 
a power machine. 
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SELF-EXCITATION IN A COMPLETELY NEUTRALIZED 
MACHINE 


A machine having the armature reaction completely 
neutralized is suited to give the variety of characteris- 
tics and the excellence of commutation needed even for 
pressures up to several hundred volts. This construction 
is common for heavy duty direct current apparatus and 
in alternating current commutating apparatus for the 
speed and load control of large induction machines. To 
illustrate the principle, the circle in Fig. 1 represents an 
ordinary 100 per cent pitch 2-pole direct current type 
commutator armature provided with four brushes 
A, B, C and D, spaced 90 deg. Series neutralizing wind- 
ings N., Nz, N, and Nz exactly neutralize the magnetiz- 
ing effect of the rotor current and cancel any trans- 
former voltage developed in the armature by changes of 
the flux, so that between terminals 7',, T;, T- and Ta 
there appears only the voltage due to rotation. It is 
proportional to the rate of rotation, amount of flux and 
a constant of the machine, and independent of fre- 
quency. 

Assume the existence of a flux ©, in direction DB. Its 
resulting rotation voltage EF, is in direction C/A which is 
90 deg in space from DB. If the resistance of the circuits 
of F', and F', permits E, to circulate a current having the 
magnetizing force required for ,,a steady state exists, 
since there is no voltage between B and D and no cur- 
rent in F, and F, (that might tend to change the flux). 
Voltage stability depends upon the saturation effect of 
the magnetic circuit as in a direct current machine. 
With ®, assumed indirection AC, a similar steady con- 
dition would exist, E, being in direction DB and exciting 
current flowing in F’, and F’, instead of F; and Fq. 

If 6, is displaced not necessarily 90 deg but any angle 
X from the position drawn, then the voltage in direction 
CA is E, cos X while that in direction’DB is E, sin X. 


Fie. 2—Ponypuase Setr-Exciration at FREQUENCY VALUE 
OruEer THAN O (ALTERNATING-CURRENT) 


Field currents will exist in the windings of corresponding 
axes in similar proportions and give the same resultant 
total magnetizing force as before but shifted by the 
angle X from its former direction. Thus the machine 
can operate equally well and will be stable with flux in 
any axis. In this poly-axial condition, even with direct 
current, the system can be regarded as a true polyphase 
one whose frequency is zero. 
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Fig. 2 represents such a machine with the neutralizing 
windings (though assumed to exist) omitted from the 
drawing for simplicity. However, the exciting windings 
F ,, F,, F. and F zinstead of being arranged to act 90 deg 
from the rotation voltage axis are now assumed to be 
rotated a deg in the machine from that position. The 
rotation voltage EL’, due to flux 6, would thus when act- 
ing alone, not tend to support the flux ®, but the flux 


Ey 


Fig. 3—Fieip Circuir RELATION 


E; = rotation voltage 
er = transformer voltage in exciting winding 
a = axis shift and time lag angle 
®, = working flux 
~ = frequency 
Ni: = field winding turns 
i = field circuit current 
r = field circuit resistance 


®,' shifted <’ from ®,. If the resistance of the exciting 
circuits be decreased to cos a times its former value, 
®,’ has a component %,’ cos a equal to 4; in magnitude 
and direction, so there can be no collapse of voltage. 
But the out of phase component ©,’ sin @ indicates a 
field rotating at infinite velocity, as the assumed flux ®, 
sustains, at the same time not only itself but also a 
component in advance of itself in space, thus advancing 
E, at the same time. Any rotation of the flux, however, 
will result in the generation of transformer (or reactive) 
voltages in the exciting windings. With a steady state 
these cause the exciting current to lag just enough 
to magnetize at every instant in the (changing) 
direction of ©, rather than that of 6,’. At some particu- 
lar frequency a stable state with a continuously revolv- 
ing field can exist, because the component of EH, which 
remains to balance the JR drop is EF, cos of angle of time 
lag (which angle must of course be equal to a); with our 
new value of field circuit resistance reduced in ratio of 
cos a to 1, this component of H#; will just circulate the 
field current needed to sustain ®;. We have drawn 
Fig. 3 in order to find the relations between the voltage 
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(E,), frequency (~ ), speed (rpm), number of exciting 
turns (NV ,) and axis shift (a) of the exciting winding from 
its zero frequency or direct current position. The follow- 
ing equations may be written: 
er = E,sin a (for symbols see Fig. 3) 
E, = $,;RPM. K 


(1) 


(K = machine constant) (2) 


er = 4.44 @~N, 10-2 (3) 
Substituting (2) in (1) in (3) 
= K.RPM sina (x K 10? ) 
ies Ne 4 AA (4) 


We notice the interesting fact that the frequency is 
dependent only upon rpm, angle of axis shift, number of 
turns in exciting winding, and a constant K;. (K, de- 
pends upon the number and disposition of rotor con- 
ductors. ) 

We may also write for the field circuit resistance drop 

wr = E, cosa (5) 
which is of the same form as for the shunt field circuit 
of a direct-current machine. So we conclude that, as in 
a direct-current generator, we can adjust the voltage 
by changing resistance in series with the shunt-field 
winding, without in any way affecting the frequency. 
The stability of the voltage, at a given setting, as with 
a direct-current generator is dependent upon saturation. 
The condition of self-excitation with a direct-current 
generator is that the resistance drop of the exciting 
current of a given flux be not more than the rotation 
voltage of that flux. With the alternating-current ma- 
chine the condition is that the resistance drop be not 
greater than the rotation voltage times the cosine of 
the angle of axis shift, or, 


ir = Hi cosa (6) 
Were it possible suddenly to alter a, the frequency 
corresponding to the new position (if (6) is satisfied for 
any voltage) should be assumed at once; but if the new 
condition requires a different magnitude of voltage, the 
change of magnitude should be gradual as is the case 
with a direct current generator. So, to initiate self- 
excitation, the priming flux has theoretically any finite 
magnitude and frequency; upon release from the prim- 
ing flux energy source, the machine promptly assumes 
its normal frequency and gradually assumes its normal 
voltage. These anticipated characteristics were veri- 
fied by tests, during which residual flux often proved a 
sufficient prime to initiate self-excitation. 


PLAIN SHUNT EXCITATION 


Since the foregoing formulas are exact only if the 
rotation voltage (H,) and terminal voltage (Ey) are 
identical, it is of interest to consider the performance, 
not only running light but also when a load current is 
taken off, as this will introduce a difference between the 
generated and the terminal voltage. In Fig. 4 we have 
shown relations in a plain shunt excited machine. The 
running light condition is similar to Fig. 3, generated 
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voltage Ey being OD, reactive field drop or transformer 
voltage of the flux being DE and field circuit resistance 
drop being HO. CB and BA are resistance drop and 
reactance drop of load current J,, and the resultant 
terminal voltage OA will evidently be less than OD. If 
the working flux is by this fact reduced, OC, the generated 
voltage will be less than OD. The angle a remains 
constant at all steady states of excitation, as does the 


0 
Fie. 4—SuHunt SEvF-ExciraTion UNLOADED AND LOADED 


Fig. 4a—SaTuRATION CURVE 


angle between AG (or DE or CF) and OCD. (Note 
that a is the “axis shift angle’ no longer equal to the 
power factor angle of the field impedance drop.) We 
can see, then, first that stability obtains when the rela- 
tions between OD, OE, OC and OG are as shown in 
saturation curve 4A for the corresponding quantities 
od, oe, oc and og and in which oe = magnetizing current 
for no-load generated voltage od, and og = magnetizing 
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current for full load generated voltage oc (the field cur- 
rent resistance drops OH and OG are proportional to 
field currents oe and 0g). We can see secondly that the 
ratio of AG to OC is a measure of the frequency, since 
with constant speed OC is proportional to the working 
flux while AG is proportional both to this flux and to its 


: “ ' CF DE 
frequency (being an induced voltage. Since OC OD: 


Fie. 5—Seur-ExciraTion LoapDED AND UNLOADED Fat 
CoMPOUNDED As TO Botu VoutacEe (OA/OD) anp FREQUENCY 
(AG/CF) 


it follows that 
AG es frequency loaded 
CF ~ frequency unloaded 


As drawn, the frequency has somewhat increased and 
the voltage has decreased as the load current J; came 
on. Had the angle of lag 6 of J, behind OA been a 
certain amount less, CA would have been parallel to 
FG, AG would have been equal to CF and the fre- 
quency would not have changed at all. With a still 
less reactive component in the load current, or a pure 
watt load or a capacity load, the frequency decreases 
with load. 


COMPOUND EXCITATION FOR CONSTANT VOLTAGE AND 
FREQUENCY 


These variations of voltage and frequency can be 
magnified or reduced, and for any particular load con- 
dition can be eliminated entirely by compounding. 

In Fig. 5 we illustrate a condition of flat compounding 
wherein a series excitation has been added so as to main- 
tain the same terminal voltage and the same frequency 
with the load current J; as at no load. Thus OA, 
terminal voltage with machine loaded is numerically 
equal to OD, no-load generated and terminal voltage, 
and is the resultant of OC the generated voltage with 
machine loaded, and the reactance and resistance drops 
BA and CB of the load current J,. The “reactance 
drop” BA is defined as the true reactance drop BA’ 


HULL: SELF-EXCITING COMMUTATOR GENERATOR 


Transactions A.I.H.E. 


plus the voltage A’A generated in the series exciting 
winding by transformer action of the main flux.. In 
the shunt exciting circuit, the induced voltage AG at a 
constant angle (90° + a) from OC must equal CF in 
order, with flux corresponding to OC, to have the same 
frequency as at no load (measured by DE/OD = 
CF/OC). Thus the resistance drop GO (and so the 
shunt field current) is neither of correct phase nor 
magnitude to excite the required flux for OC. If there 
were no saturation effect such a fictitious resistance 
drop would be FO, but as the iron density has risen, 
the shunt field current would have to be increased 
more than directly as OC/OD so that the actual re- 
sistance drop of the shunt field current that would be 
needed is represented by F’O. So, actually to have the 
requisite compounding we must supply in addition to 
the shunt exciting winding a series winding such that 
from J, will be derived the same ampere turns as would 
come from the shunt winding if it carried the current 
corresponding to drop F'’G. The voltage induced by the 
working flux in such a series winding would be a plain 
reactance drop lagging 90 deg if there were no other 
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Fig. 6—Sernr-Exciration LoapEpD AND UNLOADED Com- 
POUNDED FoR Fatuinc Voitace (OA/OD) anpd FA.iine 
Frequency (AG/CF) 


ampere turns in the circuit, but since the actual total 
ampere turns are proportional to F'’O which is 6° out of 
phase with F'’G, the “reactance drop” of the series wind- 
ing is shown as A’A, shifted 6° from BA’, the true leak- 
age reactance drop. 

The series excitation required for flat compounding 
of both voltage and frequency serves the purpose of 
supplying that excitation needed to generate a voltage 
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to overcome the resistance and “reactance” drop of the 
main circuit, and save for the variations of saturation 
effect would (neglecting AA!) be correct for constant 
terminal voltage and frequency with all values of load 
current J, as well as for the particular one illustrated. 


Fig. 7—Moror PERFORMANCE WITH Two SEts OF VOLTAGE AND 
FREQUENCY CONDITIONS 


COMPOUND EXCITATION FOR FALLING VOLTAGE AND 
FREQUENCY 


Fig. 6 is drawn to illustrate voltage and frequency 
simultaneously decreased with load J,, by suitable 
compounding. The no-load generated and terminal 


voltage is OD, full load generated voltage OC, and ter-: 


minal voltage OA. No-load frequency is measured by 
DE/OD = CF/OC and full load frequency is measured 
by AG/OC, hence as load changes from O to I,, voltage 
changes from OD to OA and frequency from CF to AG. 
We can choose the compounding effect so that per- 
centage change in frequency is more or less than the 
change in voltage as we wish. 

In this case the generated voltage OC being less than 
the no-load value OD, there is required an equivalent 
shunt field resistance drop F'’O < FO because of de- 
creasing saturation, hence the needed series winding 
effect will correspond to resistance drop F’’G and not FG. 

As is the case when voltage of a direct current genera- 
tor is varied by field resistance manipulation or by 
series windings, there is a certain favorable voltage 
range as governed by the saturation curve of the ma- 
chine in which the voltage and frequency can be stably 
manipulated as described above, but outside such range 
instability occurs. There are various ways beyond the 
scope of this article whereby the stable range may be so 
extended as to include very small voltage values even 
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at zero frequency when desired, either with compound 
excitation or with adjusted shunt excitation, or both. 


REVERSAL OF INDUCTION MoToR BY VOLTAGE AND 
FREQUENCY CONTROL 


Fig. 7 has been calculated in order to show the ad- 
vantage that could be obtained in a frequently reversing 
induction motor even at low running frequency, if it 
were reversed in several steps of both voltage and fre- 
quency rather than by “plugging.” Speed-torque and 
speed-loss curves supply data for calculations (not 
reproduced here) to illustrate this point. It is found 
that with a fixed value of 100 per cent volts and 3.75 
cycles, a certain motor whose inertia is WR? can be 
“plugged” from + 90 per cent to — 80 per cent rpm in 
1.7 second with an internal loss of 76.7 kw-seconds and 
the effective torque value is 560 lb-ft. If the reversal is 
obtained by passing in steps from 100 per cent volts, 
3.75 cycles to 55 per cent volts 1.125 cycles, then to 55 
per cent volts 1.125 cycles reversed phase sequence and 
finally to 100 per cent volts 3.75 cycles, reversed phase 
sequence, the reversal can still be done in 1.7 second 
but with an internal loss of 36 kw-seconds, or 47 per 
cent as much internal heating as in plugging. 

A similar study indicates that reversal by passing 
from forward rotation to direct current then to back- 
ward rotation, would produce 64 per cent as much heat- 
ing as straight plugging. 

Still better reversal can be obtained if voltage and 
frequency are smoothly changed from one rotation to 
the other so as to have the motor always operate at a 
portion of its curve which yields large torque in pro- 
portion to losses. This process will best be apprehended 
by realizing that the torque and the J?R losses (which 
will be the largest portion of the losses) are constant 
for given values of primary current and rpm slip, ir- 
respective of the actual speed, frequency and voltage. 


Fig. 8—G.E. 40-Kva 2.5-Cycum Frequency CoNvERTER SET 


(A) 40-kva, 235-volt, 2.5-cycle self-excited generator 
(B) Squirrel-cage induction driving motor 


So if we suitably vary voltage and frequency we can 
carry out the reversal at a constant value of torque and 
loss selected from the motor curves, such as AA, Fig. 7, 


‘wherein the torque is 560 and the losses 13 kw. The 


time still being 1.7 seconds, we find the heating to be 
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1.7 X 18 = 22.1 kw-seconds or 29 per cent of that due 
to straight plugging. 

At points BB, torque 300, time is 3.17 seconds, losses 
4.5 kw, kw-seconds 14.25 or 18.7 per cent of the heating 
due to plugging. 

Neglecting saturation, the time of a reversal can be 


Fig. 9—Orren Crrcuir Votrace Wave Form ror 200 Vo.uts 
(ABOVE) AND 285 Vouts (BELow) 


adjusted by using more or less voltage without affecting 
the stored heat losses, since both torque and losses vary 
approximately as the square of the voltage. So, when 
not operating within zones of high saturation it may be 
advantageous to operate much below the maximum 
torque point, or at BB, securing the desired speed of 
reversal by the use of a higher voltage. 


Fie. 10—Vouirace Wave Form Waite LoapEpD 


(Above) Terminal yolts 235, load current 165 amperes at low power factor 

(Below) Terminal volts 225, load current 125 amperes at low power factor 
75 per cent 

Rated current is 100 amperes 


PERFORMANCE RECORDS OF A COMMERCIAL MACHINE 


An actual self-exciting generator of the type described 
has been constructed and tested. It is a 6-pole, 1,200- 
rpm three-phase machine rated 40 kva, 235 volts, 2.5 
cycles, and driven by a squirrel-cage induction motor. 
The set is shown in Fig. 8, A being the self-excited 
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Transactions A.I.E.E. 


generator, B the driving motor. The function of this 
set is to supply 2.5-cycle 235-volt power to one or more 
200-hp super-calender induction motors in order to 
secure threading operation at very low stable speed. 
The generator was compounded for approximately flat 
voltage and frequency as described in connection with 
Fig. 5, and but very slight changes with load of either 
voltage or frequency were present after the correct 


A POWER SUPPLY 


Fig. 11—Suunt SeuF-ExciraTIoN CONNECTIONS FOR RE- 
VERSING PHask SEQUENCE AND O PHASE SEQUENCE WITH 
Loapine Set C-D 


operating brush position was obtained. Commutation 
was excellent. The voltage wave form was very 
acceptable as shown in Figs. 9 and 10, although no 
special study of this detail was made. 

Fig. 11 shows the simple arrangement used for ob- 
taining various voltages and frequencies of both phase 
sequences as well as zero phase sequences (direct cur- 
rent). A is the low frequency generator, B its driving 
motor, C is a 200-hp 480-rpm induction motor used as 


YZ, Kira A 


ee 


Fie. 12—Orrn-Circuir TRANSITION FROM FoRWARD PHASE 
SEQUENCE TO: APPROXIMATELY ZERO TO ReErvERSED PHASE 
SEQUENCE 


NAA 


a power and reactive load for A. It is coupled to a 
heavier direct current generator D both for greater 
inertia and to be able to control the energy load. The 
connections are drawn for shunt excitation, three- 
phase, compounding windings not shown. Ny, No, Ns 
are neutralizing windings, F',, F's, F's; the shunt exciting 
windings equipped with double ended rheostat RiR2R3. 
When F,F.F'; are connected through connections aaa 


June 1933 


the angle of axis shaft (a) of the exciting winding is 
+ 60°, and thus any balanced connection to the ‘a’ 
ends of R,R.R; gives 2.5 cycles positive rotation; volt- 
age depending upon amount of resistance. Connecting 
through 6bb to the “b’” ends of R,R.R3, as shown, 
changes the axis shift (a) by 120 deg resulting in an 
axis shift of — 60 deg, a frequency of — 2.5 cycles (re- 
versed phase sequence. If both the a and 6b connections 
are closed together with a and 6 resistances equal, the 
result is axis shift (@) equal to zero, and frequency 
equal to 0. If a and b resistances are unequal, the di- 
rection of phase sequence is determined by the lower. 
By setting the a and bresistances equal, witha three-pole 
switch (or contactor) in each branch we can change 
quickly from 2.5 cycles condition (a switch closed) to 
0 cycles (a and 6 switches closed) to 2.5 cycles negative 
(6 switch only closed). 

In carrying out this manipulation as recorded in 
Figs. 12 and 13, a perfect balance was not obtained be- 
tween the a and b ends of the rheostat so that the inter- 
mediate stage (both switches closed) gave a very low 
frequency rather than exactly zero frequency or direct 
current. 


Fig. 13—LoapDrEepD TRANSITION FROM FORWARD PHASE SEQUENCE 
To APPROXIMATELY ZERO TO REVERSED PHASE SEQUENCE 


When the record shown in Fig. 12 was made, the ma- — 


chine was operated on normal phase sequence (a 
switches closed) and 200 volts 2.5 cycles up to a certain 
point at which the b switch was also closed giving nearly 
0 axis shift and phase sequence, until switch a was 
suddenly opened again changing the angle of field axis 
shift from approximately 0 deg to — 60 deg and giving, 
as may be seen, reversed phase sequence. In Fig. 13 
the same manipulation was carried out but the 200-hp 
40-cycle induction motor C of Fig. 11 direct coupled to 
the much heavier direct-current generator D was connec- 
ted to the low frequency generator terminals through- 
out the test. The load set CD appeared to the eye torun 
smoothly up to the point of closing switch 6, where it 
seemed to drop instantly to a speed nearly equal to 0, 
and then instantly to come up to speed in reverse di- 
rection when switch a was opened. Figs. 12 and 13 
clearly show the prompt response of the frequency to a 
change in the field circuits. 

Fig. 14 shows build-up of self-excitation by a rather 
large direct current impulse in the field circuit with field 
rheostat set for 200 volts, and Fig. 15 shows build-up 
with a very small direct current impulse and field 


HULL: SELF-EXCITING COMMUTATOR GENERATOR 


323 


rheostat adjusted for 280 volts. These are interesting 
as showing that the frequency assumes approximately 
its steady state value even during build-up. In Fig. 14 
the duration of the impulse terminates where regular 
voltage waves commence, but in Fig. 15 the impulse is 
so weak that it is difficult to see just where it ceases. 
Very careful measurements of frequency with various 
rheostat settings and voltage also showed it to be inde- 
pendent of rheostat position and voltage. The expecta- 


CP SIVUCA 


Fic. 14—EstTaBLISHMENT OF SELF-E:XCITATION BY A STRONG 
Drrectr-CurRENT IMPULSE IN FIELD CrrcuItT 


tion that self-excitation could be readily started by a 
small impulse in the field circuit of commercial fre- 
quency current either single phase or polyphase was 
also confirmed by test but no oscillograms taken. 


CONCLUSION 


The above investigation indicates that a practical, 
flexible, and easily manipulated source of alternating 
current at frequencies below those advantageous for 
synchronous alternators is available for moderate cost. 
It can be controlled so as to serve the many needs known 
and likely to appear for energy in this form, and unlike 
various other types of frequency converters can readily 
be produced with good commutation up to several 
hundred volts pressure. 


Fie. 


15—EsTaBLISHMENT OF SELF-EXCITATION BY A WHAK 
Drrecr-CurRENT [mMpPuLsE IN FreLp CrrcuirT 
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Discussion 


F. M. Roberts: From the application standpoint Mr. Hull’s 
important contribution to the electrical art is the provision of a 
low frequency power supply that can be driven directly from 
the plant power bus, regardless of the voltage or frequency of the 
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latter. Previous machines used for the purpose of furnishing a 
low frequency supply have been of the frequency changer type, 
with commutator, and usually have required a transformer for 
system voltages over 550. Thus the application engineer has 
been faced with the necessity of providing transformers to obtain 
the required low voltage. This, of course, increased the price of 
the equipment, decreased the efficiency and increased the com- 
plexity of the installation. 

The design of the Hull low frequency generator permits con- 
siderable choice of voltage. This is an important consideration 
because the inherent characteristics of slip-ring induction motors 
necessitate that, if normal torque characteristics are to be main- 
tained in starting, a voltage be available at low frequency 
greater than the voltage calculated in direct proportion to the 
line frequency. As an example of this point, the generator de- 
signed for operating super-calenders during threading at the 
plant of one of the largest paper mills in Maine supplies power to 
slip-ring motors whose rating is obtained at 2,200 volts, 40 cycles. 
The low frequency generator is rated two and one-half cycles, 235 
volts, thus the inerease of slip ring motor resistance in per cent 
of the total impedance, which occurs at low frequency is offset 
by the increased applied voltage, and the induction motor torque 
output is not limited as it otherwise would be. The previously 
used frequency changer type of low frequency source has not 
been suitable for voltages high enough for induction motors 
wound for use on 2,200-volt systems. 

The generator, in addition to providing considerable choice in 
the selection of the low voltage also exhibits good voltage regu- 
lation characteristics so that the operation of a battery of ma- 
chines, such as super-calenders, which require a high breakaway 
torque is quite practical as the starting of one unit does not 
materially interfere with the threading operations on the others. 

The control equipment required by this type of generator is 
no more complicated than that which is furnished for a compound 
wound d-e exciter. No involved and special control features are 
required. 
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The generator is driven by a squirrel cage induction motor, 
or by a synchronous motor, which may be designed for operation 
from a power supply of any standard voltage and frequency. 

P. W. Robinson: Some of the characteristics that attracted 
special attention during the design and testing of the 40-kva 
machine mentioned in the paper were the adaptability for com- 
pounding the voltage even with a low power factor load and the 
apparently instantaneous reversal of phase sequence resulting 
from the appropriate change in shunt field connections. It was 
quite impressive to see the no-load voltage of an a-c generator 
maintained or even increased when a substantial overload at low 
power factor was suddenly applied by closing a line contactor and 
likewise to see the immediate reversal of the large induction 
motor, taking its power from the low frequency generator, ac- 
complished by the mere reversal of the generator field switch. 
The effect of the phase sequence reversal on the compounding 
also was quite noticeable. Part of the compounding was ac- 
complished by under compensation and this component is re- 
versed in its effect when the phase sequence is reversed. This 
characteristic can readily be used to cushion the shock to the 
generator and to the apparatus driven from such a generator, 
which would otherwise be encountered in plugging by phase 
sequence reversal of the generator. 

It was gratifying to find that tests confirmed the expectation 
that field flashing can easily be accomplished from either a d-e 
or an a-c source as the residual flux is reduced to a very small 
amount if the machine comes to rest with the field switch closed. 

There probably is a natural tendency to feel that not much 
starting torque will be obtained from an induction motor if the 
flux rotates slowly around the stator, as is the case with a low 
frequency power supply. Calculation shows, however, that 
excellent starting torque will be obtained if the voltage applied 
is suitable for the changed relations of resistance and reactance 
as compared with’those at normal frequency. Tested starting 


torque at the low frequency was practically the same as ealeu 
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Some Factors Affecting Temperature Rise in 


Armatures of Electrical Machines 
BY CARL J. FECHHEIMER* 


Fellow, A.I.E.E. 


HE treatment given herewith is applicable to the 
steady state, that is, the machine has been run for 
such length of time that the temperatures have 

ceased to rise. It can readily be extended so as to apply 
to the transient state as well. The author received 
valuable suggestions from Mr. A. Tustin, Metropolitan- 
Vickers Electrical Co., Ltd., during a business associa- 
tion some years ago. 

Assume that the machine is run without load, but at 
normal speed and with such excitation that there is 
normal voltage generated. Then, after the steady state 
is reached, the losses in the iron cause a certain tempera- 
ture rise of the iron, and by conduction of heat through 
the insulation there is also a temperature rise of the 
copper, but less than for the iron. While, in the usual 
case, most of the heat generated in the iron is conducted 
along, or across, the laminations to the surfaces from 
which the heat is dissipated, a smaller amount escapes 
into the copper, is conducted axially along the copper, 
and then, through the insulating wall at the vent ducts, 
or on the ends, to the air. If P2 is the iron loss, 6,, the 
copper, and @, the iron temperature rise, 


P, =a Ko202 ae Ka (02 — 61) (1) 


Here, K2: and K», are respectively the net heat trans- 
fer factors, or conductances, from the iron to the air, 
and from the iron to the copper. Equation (1) means 
that of the total heat per unit of time generated by iron 
loss, the part K 26 escapes direct to the air, and the part 
Ko»; (82 — 6;) is conducted through the insulation to the 
copper, and, after flowing longitudinally along the cop- 
per, escapes through the insulating wall to the air at the 
vents or at the ends. 

Similarly, if the machine is run on short circuit, with 
full-load current, and the iron losses are negligible, 


iP — Ki184 + Kir (0, — 62) (2) 


(P, is the copper loss, Ki; and K,» respectively the net 
heat transfer conductances from the copper to the air 


factors Ky, Ki2 (= Kei) and Ky, are shown as con- 
ductances for heat flow. 

A better understanding may be obtained from the 
equivalent electrical circuit, shown schematically in 
Fig. 2. The temperatures, being thermal potentials, 
are equivalent to emfs, e; and e. and the conductances 
Ky, Ky, and K»2 are the equivalents of the reciprocals 
of resistances. The currents are the equivalents of the 
rate of heat flow, or of the losses. Evidently, 

t2 = Kose. + Koy (€2 — @1) 
4, = Kye: + Kyo (€1— €3) 

These are the exact equivalents of equations (1) and 
(2). From the electrical analogy, it will be evident that 
the conditions that obtain when there are copper and 
iron losses simultaneously are the same as secured by 
superimposing the copper loss upon the iron loss with 
each source of heat acting alone. Therefore, equations 


Ki2 = Kat 


COPPER LRON 


(1) and (2) hold also when the two sources of heat act 
simultaneously. 

Solving equations (1) and (2), for the temperature 
rises, we obtain: 


(Kor ae Kos) ey oe Ki2P2 


and from the copper to the iron.) That is, some heat, ee (3) 
K.1:0; escapes at the vent ducts and ends directly to the KyiKo2 + KiKo + Kika 
air, and the remainder, Ki. (6:— 62), is conducted ; 
through the insulating wall to the iron, whence it flows rae KoP; + (Ku + Kw) Po (4) 
through the iron package to the surfaces at the vent >" KnKo + KK + Kika 
ducts, to be picked up by the moving air streams. Or 

The equivalent thermal circuits may be shown as for a ; i RP es (5) 
model in Fig. 1. Here 6, is the air temperature, and 
since only rises of temperature above 6, are being con- 02 = RoPi + RooP2 (6) 
sidered, 9, is zero for reference. The heat transfer Where 

*Consulting Engineer, Milwaukee, Wisconsin. Koy + Koo 

Presented at the Winter Convention of the A.I.H.E., New York, Ru = Ka Kaen Ree keer (7) 
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Ki» 
o 8 
Rie Rox Kiko + KwKo + KuiKa1 (8) 
Ra’ hte 9) 


KK a Ki2K 22 ate Ky:Kor 


Similarly, if Riz = Ro, the conductances equivalent to 
the resistances may be obtained: 


Ro» oe Rie 


RN Re Rie Moe) 
Rie 
oe ee, ee ay 
Rii— Rk 
ae 11 12 (12) 


Riko. ze R42? 


Equations (5) and (6) could be obtained directly from 
the principle of superposition in the theory of potential. 
As applied to the thermal circuit, it may be stated as 
follows: The temperature rise at any point of a system 


due to one source of heat, acting alone, may be added to 
the temperature rise at the same point due to another 
source of heat also acting alone, and the sum will equal 
the temperature rise at that point if both sources supply 
simultaneously the same amounts of heat as before. 

That Ris = R2; follows from the principle of reciproc- 
ity, which for the heat circuit is that the temperature 
rise of part 1 due to one watt loss in part 2 equals the 
temperature rise of part 2 due to one watt loss in part 1. 
In other words, if two bodies are separated by a heat 
_ conducting medium, the temperature difference is 
numerically the same for a given quantity of heat flow, 
regardless of the direction of flow, although there is a 
reversal of sign. 

The determination of the coefficients, Ri; Ris and Ree 
by calculation is somewhat involved.* However, they 
can readily be obtained from tests. Thus, if the ma- 
chine is run on open circuit until the steady state is 
reached, 


*A means for determining these coefficients analytically is 
given in a paper by C. R. Soderberg on the Steady Flow of Heat in 
Large Turbine Generators, A.I.E.E. Trans., 1931, Vol. 50, No. 2, 
p. 782. 
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Oe 
Py 


6 
Pr=0;, and Ry = ~p, and Ro. = 


If the machine is subsequently short-circuited, and the 
temperature is again measured in the places as before, 


2 


Pas 


6 
PaO; and Ris = eae and Ro = 
1 


The losses may be taken, say, for one tooth pitch per 


unit length axially and it then will be convenient to 
compare the coefficients for different machines of ap- 
proximately the same slotting. Or better, if compari- 
sons are to be made for machines for which the slotting 
differs considerably, the losses should be per unit of 
periphery and per unit length axially, that is per unit 
area of armature surface. Nearly all designers now 
calculate the ampere conductors per inch of periphery, 
which is one of the determining factors in the copper loss 
per unit cylindrical surface. In general, the iron loss 
should be taken only as the tooth loss, as in many cases, 
the heat generated in and dissipated from the core has 
nearly negligible influence upon the tooth temperature, 
as the loss in the core is transferred to the air streams in 
the core vents; and similarly for the losses in the teeth. 
The eddy current loss in the embedded conductors 
should in all cases be added to the J?R loss therein. 

The copper temperature rise 6; should preferably be 
taken by an embedded detector. It is also desirable to 
measure the iron temperatures by a detector embedded 
in the teeth, but if this can not readily be done, the tooth 
surface temperature may be measured in the usual way. 
It is important that all measurements be made in the 
same spots for the several temperature tests. Even 
when copper temperature measurements by detector 
can not be made, temperatures by thermometer, or by 
resistance can be taken. With higher temperature 
rises, suitable corrections should be made for the in- 
crease of copper loss with temperature. When the air 
temperature rise is appreciable, it is also advisable to 
allow for the departure in air temperature adjacent to 
the part considered at load from that which obtained in 
the tests on open and short circuit. Then equations (5) 
and (6) should be written, 

0; = RuP, a RiP» re 64 (13) 
0, = RoiP ce RooP» a is (14) 

Now @, is the air temperature rise above the in- 
going air up to the part considered for the particular 
test. Thus, when run on open circuit, and P; = 0, 


6, ‘ei Bae 


Riz = P, 


(15) 


0. ie Aas 


Roe ae P, 


(16) 


In both equations 6.2 appears because it is assumed 
that the air temperature rise is the same whether the 
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copper or iron temperature rise is considered. The sub- 
script 2 signifies that the test is made with iron loss only. 


When run on short circuit, P. = 0, and 
6, Bhs bar 
Ry = ae (17) 
6,.— 0, 
Ro = = apres (18) 


When calculating the load temperature rises from 
equations (13) and (14), the air temperature rise 6, 
for the load condition must be used instead of @,; or 04». 

To correct for the influence of the departure in copper 
temperature upon the copper loss, and therefore upon 
the temperature rise, with load, the following method 
may be used. 


Let 


P, = copper loss at the particular location, including 
allowance for increase in resistance, due to higher 
copper temperature than obtained on short 
circuit 

P,’ = copper loss at same location as for short circuit 
test reduced to the same current as for P:, but 
corresponding to 6,’ 

6, = copper temperature rise for load conditions, as 


for ie 1 
6,’ = copper temperature rise for short circuit con- 
ditions 
6, = air temperature rise for load conditions 
-q@ = temperature coefficient of resistance of copper at 


il 


temperature rise 0; = 234.5 4 0, + 0. 
. 1 ° 


6, = ingoing air temperature 
Other symbols are as before 
Then, 
P, = Py’ {1 + a (6,— 6;’)] (19) 
Substituting the value P, from equation (19) in 
equation (13) and solving for 4,, 


RyPi’ (1 — ay’) — RyP. + 8, 7 
11 real a 1’) rele ++ (20) 


A: ., 1 = Rank a 
also, 
6. = RiP) + RP. + 0. (21) 
= Ry»P,' [1 0: (0,— 6,’)] + RooP2+-6. (22) 


The above assumes that the ingoing air temperature 
is the same for all cases. 

In order to estimate the temperature rise of the air, 
6., up to the part considered, the temperature rise of 
the air through the whole machine may be conveniently 
measured. If the machine is provided with a stationary 
armature, and the measurements are referred to the 
middle of the tooth or slot, the losses in the core and in 
half the slot and tooth depth may be calculated and 
deducted from the total losses. 
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Then, 
P—P, 


6, = Bat P 


(23) 


6, is the temperature rise of the air up to the middle of 
the tooth 
6.4: is the total temperature rise of the air 
P isthe total loss 
P.. is the loss in the core + 1/2 tooth + 1/2 embedded 
‘copper loss 
Or, in designing a machine, the volume of air per unit 
of time, (cu ft/min), Q, and the total watts loss, P’, up 
to the given point, may be estimated. 


Then, 


/ 


6 1.765 B 
a e Q 
In a certain machine thermocouples were placed on 
the bare copper and in the armature tooth laminations. 
Temperatures were also measured by thermometer and 
by resistance; for the latter, readings of resistance and 
time were taken, and the resistance was projected back 
to the time of removing the load. The example is given 
only to illustrate the application of the method; it is 
not intended that the temperature rises are typical of 
any line of machines. From the open- and short- 
cuit tests the following values of the coefficients were 
obtained from the embedded detector measurements: 

Rai — 5.6 Ris oa 6.84 Ruy oe 10.12 eps — 9.27. 
Mean of Rex and Rie = 6.22. 

The short-circuit test was made at 125 per cent cur- 
rent. The temperature rise of the bare copper was 60 
degrees, and the ingoing air was 26 degrees. Then, 

i 


OS BA 4 60.2 26a wine 


(24) 


The tooth loss per square inch of cylindrical surface 
was 1.91 watts, and at 125 per cent current and at 
60 + 26 degrees total temperature, the copper loss per 
square inch was 5.04 watts. 

Substituting in equation (20), 

6, = 
10.12 x 5.04 (1 — 0.0081 x 60) + 6.22 x 1.91 4+ 21 
1— 10.12 x 5.04 x 0.0031 
= 88.4 deg. rise 
And from equation (22), 6. = 72.7 deg. rise. 

Similar calculations were made for 100 per cent load, 
for embedded detectors, and for average temperature 
rise (by resistance) and for temperature rise by ther- 
mometer. For the thermometer calculations, the coeffi- 
cients R,,R1. and R22 were not determined, but the open- 
circuit and short-circuit temperature rises were simply 
added and no allowance for air temperature increase or 
copper resistance made. The justification for neglecting 
departures in air temperature is that the tests on open 
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and short circuit were for the same voltage and current 
as for the load conditions as obtained in the 125 per cent 
load test; the sum of the air temperature rises for the 
two cases is substantially the same as the temperature 
rise of the air with load, since the sum of the losses for 
the two tests are nearly the same as for load. There 
should be a slight correction downward for the 100 per 
cent load test, and had this been done the agreement 
would probably have been better. The results are given 
in Table I. 


TABLE I 
ooo SOOO 
Temperature rises, deg C 


100 per cent load 125 per cent load 


Calculated Test Calculated Test 
Copper by detector on bare 
CODERS. casei Ao a eye Ooiae haters Ole bay pnere pete Ae: serene ener 84.2 
Tron by detector in tooth....... BING oa attewroraiche B8ho tare 72.7....Not taken 
Mean copper by resistance..... SGnSin. are 352 On Aoytess LO) arecteuee 58.5 
Thermometer on iron surface. ..40.0...... SOR Osnace. 54.00 coe e 55.5 
Thermometer on coil ends......39.2...... OSi. Onesie BY Tels Wiad “oes 49.3 


It is believed that the agreement between test and 
calculated temperature rises is as close as can be ex- 
pected. 

Some designing engineers have estimated the tem- 
perature rises with load by adding the copper and iron 
losses, and then have divided that loss by a surface to 
obtain the watts per square inch. That method is 
incorrect except for the remote case for which Ri, = Ri» 
and R., = Re. Again, in many machines the copper 
loss has considerably more influence upon the tempera- 
ture rise than the iron loss, and the temperature rise is 
frequently considered to be proportional to the product 
of amperes per square inch and ampere conductors per 
inch; that is, to the J?R loss per unit cylindrical surface. 
When an attempt is made to correlate test data taken 
on low-frequency machines with low loss per cu in. in 
the iron, with data on machines of higher frequency 
with larger loss density, inconsistencies were obtained, 
since in the latter the influence of iron loss upon tem- 
perature rise can not be neglected. The latter method is 
also applicable only for given thermal specific resistance 
of insulation, for the same percentage of eddy currents 
in the copper, for nearly uniform slotting, and for uni- 
form insulation thickness. 

Aside from securing design data, the method is useful 
for the testing of large machines for which it is costly 
to make full load tests, and for which the necessary 
equipment for full load loading is lacking in most test 
departments. Then, instead of making a full load tem- 
perature test, two relatively inexpensive tests are made, 
one at no load at normal voltage, and the other on short 
circuit at full load current. The sum of the tempera- 
ture rises from the two tests at any given location, cor- 
rected for increased air temperature rise and for in- 
creased copper resistance, is then the full load tem- 
perature rise. As previously pointed out, in some ma- 
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chines it is unnecessary to correct for the increase in air 
temperature rise, and the incremental copper loss due 
to increase in resistance with temperature is also often 
negligible; it is well to bear in mind that the eddy cur- 
rent loss in the copper decreases with increase in 
resistance. 

Such tests can readily be made on d-c machines or on 
salient-pole or turbine alternators. To secure the full 
load current in the copper in an induction motor, it 
should be driven at 200 per cent slip, and such voltage 
applied to the stator that full load current flows. The 
objection to the latter is that currents of double normal 
frequency flow in the rotor which with deep bars cause 
a large eddy current loss. The incremental rotor copper 
losses can readily be estimated, and an allowance made 
for the increased air temperature rise due thereto. In 
a few cases, however, the eddy current losses may pro- 
duce too high rotor loss, and give rise to a large rotor 
temperature, and then the method should not be used. 
On the other hand, most induction motors can be given 
full load tests at the factory, and it is very seldom that 
the motor need be shipped without a full load test. 

In order to obtain the values of the coefficients Rio, 
and R.., the induction motor can be run idle at normal 
voltage, and R,. and R.» obtained with the aid of equa- 
tions (15) and (16). It can then be given a full load test, 
and then with the aid of equation (13) and Ri. pre- 
viously found, R,; can be calculated. These values can 
then be used in design of future machines. 


Bibliography 

1. Steady Flow of Heat in Large Turbine Generators, by C. R. 
Soderberg, A.I.E.E. Trans., Vol. 50, No. 2, 1931, p. 782. 

2. “The Temperature Rise in Electrical Machines,” by 
Herbert Jehle, Hlectro-technische Zeitschrift, August 14, 1930. 

3. ‘‘Temperature Rise of Electrical Machinery and Compari- 
son between Single and Double Ratings,’’ by Jutaro Takeuchi, 
Journal of the Institute of Electrical Engineers of Japan, August, 
1926. 

4. Temperature Rise of Ventilated Railway Motor Armatures, 
by D. A. Lightband, Trans. A.I.E.E., June 1932, p. 502. 

5. “Temperature Rise in Hlectrical Machines,”’ by C. J. Fech- 
heimer, Sibley Journal, December, 1912. 

6. “The Cooling of Electrical Machines,” by D. O. Hoseason, 
I.E.E. Journal, Vol. 69, 1931, p. 121. 


Discussion 


D. S. Snell: The paper by Mr. Fechheimer is an interesting 
and useful addition to the literature on heat flow in electrical 
machinery. Taking it in connection with a paper by Mr. C. R. 
Soderberg! on a similar subject presented in 1931, it can be said 
that these two papers serve to reduce the complicated heat flow 
problem to a form readily solvable by the application of Ohm’s 
and Kirchhoff’s Laws, and should therefore encourage on the part 
of electrical designers a more general attempt to calculate the 
thermal behavior of their machines by other than ‘“‘rule of 
thumb” methods. 

It is my feeling, however, that in seeking a simple solution to 
this problem the author of the present paper has reduced the 
actual thermal circuit of an electrical armature to such a form 
that the solution ean be applied with accuracy to only a limited 


1. Steady Flow of Heat in Large Turbine-Generators, A.I.E.E, Trans., 
June 1931, p. 782. 
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class of machines, namely, those machines in which the tempera- 
ture rise of the ventilating air does not constitute an appreciable 
fraction of the total rises of the copper or iron, and in which the 
variation of the air temperature along the armature is small. 

In an armature provided with radial ventilating ducts, the 
separate packages of iron laminations are virtually insulated from 
each other thermally, by the air ducts, the only connection be- 
tween them being the insulated armature conductors and the 
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spacing blocks in the ventilating duets. The armature con- 
ductors, on the other hand, are continuous for the length of the 
armature, and in addition have a very high thermal conductivity 
in the axial direction. It follows, therefore, that the temperature 
rise of any individual package of laminations, as measured by 
embedded detector, would largely be controlled by the tempera- 
ture of the air in the ducts on either side of the package; whereas 
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the temperature of the conductor at any point, similarly 
measured, would be governed less by the air temperature at 
that point, than by an average of the air temperatures in several 
ducts on either side of it. 

This will be apparent from Fig. 1, which shows the tempera- 
ture rises of the air, stator copper and stator iron of a 6,250 kva 
turbine generator, at different points along the armature, as 
obtained from a test under approximately full load conditions. 
It will be noted that the curves of temperature rise of the different 
iron packages follow quite closely the curves of temperature rise 
of the cooling air, while the temperature of the armature copper 
is seen to be influenced to a much lesser extent by changes in the 
air temperature. Fig. 2 shows the results of a similar test on a 
turbine generator of 43,750 kva. In this machine the cooling air 
is admitted to the stator from the back of the core as well as 
from the ends of the air gap, so that the temperature rise of the 
air is considerably less than for the smaller machine. It is, 
nevertheless, a considerable fraction of the total rises of the iron 
and copper, and is shown to influence the temperatures of the 
separate iron packages in much the same manner as for the 
smaller machine. 

It will be apparent from the above curves that the method of 
determining the armature temperatures suggested in the present 
paper, would not apply with accuracy to machines in which the 
temperature rise of the air along the armature is appreciable, 
since the method described assumes a single value of the air 
temperature rise 9,, which applies to both the copper and the 
iron. To apply the method with accuracy, would seem to re- 
quire the assumption of one average air temperature rise to 
apply to the conductor, and several different air rises to apply to 
each of several different packages of laminations. A model based 
on such an assumption is shown in Fig. 3, in which 6,; is the 
average air rise over a certain length of the conductor, and 042, 
6.43, ete., the air rises up to each of the different iron packages. 
If the iron packages are of equal thicknesses the factors Ki: and 
Keo will be the same for each package and the circuit can be 
solved for the different constants by knowing the rises of the 
copper, air and iron from tests at no-load normal voltage and at 
full load, short circuit. It should be mentioned that the iron 
losses under short circuit are not always to be neglected, as the 
paper implies, since the short-circuit load losses in the stator 
teeth are sometimes appreciable, especially for turbine generators. 

In estimating the average rise of the air in the air gap over a 
given length of the armature, it is necessary to take account of 


the variation in air quantity in the gap due to discharge or ad- 


mission from the radial ducts. If the quantity of air discharged 
or admitted per duct in a given section of the core is assumed 
constant, the average air rise in the gap over the section is ap- 
proximately given by the equation: 
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where 
6, = average rise of air in air gap, in section considered, deg C. 
0,’ = rise of air before entering section of gap, deg C. 

L = length of section, in. 

B = kw loss to air gap, per in. length of rotor, (consisting of 
rotational, field J2R pole face losses and losses from 
stator teeth tips) 

m = number of ducts in the section 

Q = total cu ft per min of air to section at 25 deg C 
2n—1 2n—3 2n—5 


vag — _ . . . (to n terms) 
n n—1 n—2 


From a practical standpoint however, the writer would ques- 
tion whether the proposed method of predicting full load arma- 
ture temperatures is, even under favorable conditions, appreci- 
ably more accurate than the present method of adding together 
the rises obtained from the tests at no load, normal voltage and 
full load short circuit and deducting the rise obtained from a test 
at zero excitation. This method has been used for many years 
in estimating the full load armature temperatures of turbine 
generators, and with very satisfactory results. The accompany- 
ing table illustrates the application of this method, for a 35,300- 
kva turbine generator, and the agreement between the estimated 
and actual temperature rises may be considered entirely satis- 
factory. In view, therefore, of the good results obtainable from 
this method the writer would consider it preferable, for machines 
with high windage loss, to the method proposed in the paper, 
which for this class of machines must be applied with caution. 


CALCULATION OF FULL-LOAD TEMPERATURE RISES OF 
BETWEEN-COIL TEMPERATURE DETECTORS IN ARMATURE, 
FROM TESTS AT NO EXCITATION, NO-LOAD NORMAL 
VOLTAGE, AND FULL-LOAD SHORT CIRCUIT FOR A 35,300- 
KVA, 1,800-RPM TURBINE GENERATOR 


Temperature Rises Above Ingoing Air, Deg C 


Total Total 

Temper. calc. rise at 
detec- Noexci- Normal Short rise at full 

tor tation voltage circuit (2)-(1) full load by 
No. (1) (2) (3) +3) load test 

| ee ae ZOD os caivnisle x BD, Ai aictedain a eT AEP B43. oe .8 53.2 
ee ays ove Oc wet va. Wl oF ents, cone c+ pe Sa BA A es, shy BSS SDs satus. sie 45.7 

ai sicko 3 Os iE Oe ee Af foe: Si oe 28: Occ ak BATS Ae Stas cS Seer are 41.3 
cE TONE tS, AE gene oe bic Odeo 49). Ole 4958 sed x ses 48.6 
Pisa e . 1034.2 ...-% PALAU sheet Boi Sescicer 49 4s ok 5002 ee ep 52.5. 
Excitation kw....... 7 eh ee oe Li IG I Mine ei tel ee eT AAS tee aie 76.8 


; 1,765 X (76.8 — 20.1 — 22.6) 
Additional rise of air atfullload = =0 


cu ft per min. = 80,000 


H. D. Taylor: This discussion has special reference to the 
interpretation of no-load tests in making an estimate of full load 
temperature rise in a-c synchronous machines. There are some 
complications in the procedure suggested by the author, in that 
for close results, it seems to be necessary to estimate the tempera- 
ture rise of the air from the inlet to the middle of the armature 
teeth for the various test and load conditions; and this involves 
deducting losses in the core and half the slot depth from total 
losses. 

A somewhat different method, based however on the same 
principle of superposition has been applied successfully in turbine 
generator work at Lynn, and seems a little easier to use. The 
objective is the full-load temperature rise of the armature 
winding, as shown by standard resistance type temperature 
detectors. Three no-load runs are made, including the open- 
circuit and short-circuit runs described by Mr. Fechheimer, and 
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in addition a run at normal speed without excitation. The zero- 
excitation run gives directly the armature temperature rise due 
to rotation losses which as Mr. Fechheimer pointed out, are 
greater in high speed machines such as turbine generators. This 
quantity subtracted from corresponding readings in the other 
two runs, gives the additional temperature rise due to voltage 
losses, and current losses, respectively, including the additional 
air temperature rise due to those losses. The sum of these three 
values would give the full load temperature rise, except that with 
the usual system of ventilation, the additional excitation re- 
quired for full load adds a little more to the air temperature before 
it reaches the coils and teeth. A small correction is therefore 
added, which represents the temperature rise of the air due to 
the difference between full-load excitation loss and the sum of the 
excitation losses in the open-circuit and short-circuit runs. This 
is a definite quantity, easily caleulated, amounting usually to 2 
or 3 deg C, or less. 


(AVERAGE RISE OFAIR FOR 
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From a number of cases where no-load runs have been followed 
by load tests in the shop on the same machine, three examples are 


‘given in the following table to illustrate the accuracy of this 


method. 


Machine 1 2. 3 


Arm. temp. rise, by resistance temperature detectors, 
in deg C 
(1) Due to rotation losses alone................-. 5 
(2) Due to ‘‘voltage losses’’ (additional).......... ibs 
(3) Due to ‘‘current losses’’ (additional).......... 19 
(4) Correction for full load excitation............. x 


(5) Expected full load rise, (1) + (2) + (8) + (4).34.1..35.2..32.2 
(6) Actual full load rise, by same resistance tem- 
Pera lure: UetectOrss....c conte coe buss Oe amkaas 34.5....85.6..0Ls2 


The agreement between the actual load temperature rise and 
that deduced in this way from no-load runs usually is within 
2 deg C. 

E. Weber: The paper constitutes a valuable method for 
quick reference in computing the temperature rise in electrical 
machines. This seems especially desirable considering the recent 
trend toward economy in the design of electrical machinery. 
However, several additions appear to be necessary: 

1. The thermal problem is a three dimensional problem and 
therefore can only be roughly approximated by a cireuit as 
shown in Fig. 1 of the paper. It must be kept in mind that A, 
ad 0, vary respectively over the copper and iron volumes. 
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2. If we assume uniform temperature distribution over the 
copper and iron in a cross-section of the machine perpendicular 
to the axis then the relations (5) and (6) hold for any one such 
cross-section. However, the parameter values R:,;Ri2R2; and Ro» 
will be different for each cross-section so that, in applying the 
relations (5) and (6), the proper values of these parameters must 
be taken. Obtaining their values from the no-load and short- 
circuit tests as average values for the whole machine, it is not 
possible to compare the temperatures thus computed with local 
temperature measurements in the machines (for example, with 
thermo couples). This must lead to discrepancies as may be seen 
in Table I of the paper. 

3. The simplifications of the author in the case of no-load and 
short circuit, putting respectively Pi: = 0 and P, = 0, are not 
valid in any case. Under no-load conditions there will always be 
additional losses, such as the no-load copper losses due to the 
magnetic field variations in the slots and the damper winding 
losses as well as losses in the end connections. Under short-circuit 
conditions there will always be additional iron losses due to the 
higher harmonics of the magnetic field,? the so-called surface 
losses in the poles and additional iron losses due to the local field 
concentrations. It is, necessaryt herefore, to use the complete 
relations (5) and (6) for no-load and short-circuit tests, giving 


Oise = RuPioc + Ri2P 20c 
(a) 
Osc = RaiP ioc ae R22P 20c 
and 


Goes = RitPise + Ri2P 2c 


(b) 
Osec = RoiP isc Se Ro2P oe 


These are four equations for the four unknowns Riu, Rie, Re 
and Rx. The two mutual parameters Ri. and R2; should have 
the same values, their difference indicating the failure of properly 
accounting for additional losses. As an example take the two 
values Ro, = 5.6and Riz = 6.84 as given by the author. 


Since the total losses often are difficult to measure it may be a 
sufficient approximation to estimaté the additional losses as a 
percentage of the normal iron and copper losses. The estimations 
can be based upon experience for the different types of machines. 


C. J. Fechheimer: At the time that the paper was written it 
was amazing that many designing engineers still were estimating 
temperature rises by adding copper and iron losses or omitting 
the iron losses entirely. The purpose in presenting this paper was 
fourfold, (1) to call attention to the errors, (2) to offer another 

- simple and approximately correct method, (3) to suggest a means 


2. See Graphical Determination of Magnetic Fields, by M. Wieseman, 
JourRnAt Of the A.I.E.E., May 1927, p. 430. 
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for determining the constants from tests and (4) to propose a 
fairly accurate method for securing full load temperature rises 
without going to the expense of making full load tests. These 
were covered roughly in the Sibley Journal article published in 
1912, and given as reference 5 in the bibliography In fact the 
writer started to use the method in 1909. 

It is a source of considerable gratification to learn that engi- 
neers of the General Electric Company have been using the 
method in a modified form for a number of years. It is true 
undoubtedly that equations in the simplified forms as given in 
the paper can not possibly cover complex heat flow, variable 
losses, ete., which influence the temperature rise in the steady 
state. It is questionable how far one should go in introducing 
corrections, and only those whose effects are of considerable mag- 
nitude should be given consideration at all. The practical de- 
signing engineer can not take time to employ equations that are 
greatly involved. The fact that the effect of air temperature rise 
is not to be ignored, at least not in high speed machines, was 
appreciated, and recognition of that fact is evidenced from equa- 
tions (13) to (22) inclusive. Doubtless every engineer has his 
own way for solving a particular problem, and this is illustrated 
by Mr. Snell’s unique methods for correcting for air temperature 
rise, which have points of superiority. It is of value to note that 
if the air temperature rise due to windage loss is negligible, (say 
less than 0.5 deg C.) the open- and short-circuit temperature rises 
may be added, without further correction for the air temperature 
rise due to windage loss. The method suggested by Messrs. 
Snell and Taylor for taking a third run without excitation is 
excellent for high speed machines. It is especially gratifying 
to see how close the calculated and test full load temperature 
rises agree, the former being obtained by adding the no-load and 
short-circuit temperature rises and deducting for temperature 
rise due to “rotational” losses, as given by Messrs. Snell and 
Taylor for turbine-generators. These and more data of like 
character would be helpful toward satisfying the designing engi- 
neer that further corrections generally are not warranted by the 
greater complexity in calculation. 


Mr. Weber’s comments are well taken. It is likely that we are 
not always justified in assuming that the iron loss is zero on short 
circuit, but there are very few modern machines in which the 
variations in magnetic field introduce appreciable loss in the 
imbedded copper in the slots, although it is no doubt true that 
the losses in the damper winding bars at no load are not always 
negligible. Here again the designing engineer should find ways 
of modifying the general equations to fit his particular problem. 
If the losses were known with sufficient accuracy, the four equa- 
tions given by Mr. Weber should be solved for the four unknown 
thermal resistances, although it is doubtful whether that is 
worth while, except for extreme cases. 


Parallel Operation of A-C Generators 


Action of Governors and Damper Windings 
BY M. STONE* 
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HE responsibility for the improper operation of a-c 
AR generators in parallel was originally attributed 

solely to the inconstant action of the prime movers, 
and later to undesirable generator characteristics, but 
it is sufficiently clear at the present time that if proper 
consideration is not given to both elements, unsatis- 
factory parallel operation will result. The fact, how- 
ever, that this general problem was first seriously at- 
tacked by the electrical engineer has always placed the 
electrical engineering in a position of criticism when 
troubles arise, whereas the difficulty very often is as 
much a mechanical one. One of the purposes of this 
paper is to demonstrate how closely the two are neces- 
sarily interrelated, and that both aspects of the problem 
must be equally thoroughly investigated. - 

At the outset, it is in the nature of a clarification of 
ideas to recognize that the mechanism of generator 
oscillation is analogous to the torsional oscillation of an 
inertia through a flexible spring. The influence of a 
short-circuited winding on the rotor, as shown in Fig. 
lb, is to provide mainly a damping action, such as 
would be analogously obtained by submerging the me- 
chanical system, shown in (a), in a liquid, as in (b). 
There is an important difference to recognize, however, 
and that is, that whereas in the mechanical case, the 
natural period of oscillation of the system is not sensi- 
bly changed by immersion (except for the effect of the 
liquid slightly increasing the rotatory inertia), in the 
electrical case, depending on the ratio of resistance R to 
inductive reactance whl of the “damper” winding, a 
sensible effect on the natural period of oscillation may 
occur due to the introduction of a synchronizing com- 
ponent of torque caused by this oscillation. This effect 
is discussed later. 

The important magnitudes in the mechanical case are 
the mass moment of inertia, the spring constant (a 
measure of the torsional flexibility of the spiral spring) 
and the viscosity of the liquid in which the system is 
oscillating. In the electrical case, the “flywheel effect”’ 
of the rotor plays the same role as the inertia of the 
mechanical ring. 

It is no property of the synchronous machine, per se, 
to exhibit synchronizing torque, 7. e., a torque tending to 
restore the rotor to a position of constant phase with 
respect to the rotating stator voltage. However, as 
soon as the machine is coupled in parallel with other 
generators or an “infinite” power system (terminal 
voltage constant), synchronizing power flows tending to 
pull the machine into its proper synchronous position, 

*Westinghouse Elec. & Mfg. Co., East Pittsburgh, Pa. 
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as soon as it is displaced away from it. This restoring 
torque can be demonstrated to be proportional to the 
angular displacement for small angles. However, in 
stating this, we must assume that during oscillation, the 
system voltage remains constant, and the excitation is 
constant as well, otherwise it would not be strictly true 
that the synchronizing torque could be written as 
simply proportional to the angle 0. 

In all synchronous machines, there exists some ten- 
dency to damp out any rotor oscillation around syn- 
chronous position because of eddy currents set up 
mainly in the pole faces, this effect being considerably 
greater, naturally, for solid poles. However, for all 
cases where periodic torque disturbances constitute the 
nature of the application, it has often been deemed de- 
sirable to supply a special short-circuited cage winding, 


Bia. 1 


the action of which is very similar to that of an induc- 
tion motor, supplying torque reaction proportional to 
the velocity of oscillation, d@/di, rather than @, as in 
the case of synchronizing torque. According to Blondel’s 
two reaction theory, the field of a synchronous machine 
is considered to be composed of two components: (1) the 
direct axis field, and (2) the quadrature axis field. The 
first of the two is considered to have its maximum under 
a pole, and travels synchronously around the stator— 
the quadrature axis field is usually very much smaller, 
and is displaced 90 deg in electrical phase with respect 
to the direct axis field. Now, with a short-circuited cage 
winding, there are two types of short-circuit paths: 
(1) pole-to-pole, and (2) quadrature axis-to-quadrature 
axis. As the rotor oscillates around its synchronous 
position, each of the two fields mentioned above react 
on each of the two types of short-circuit paths men- 
tioned, and four components of torque are set up. For 
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our purpose, however, it is sufficient to consider the 
action of the pole-to-pole winding on the direct axis 
field, as shown in Fig. 2, and particularly as it is of the 
greatest magnitude. 

Now consider what happens when the coil, of re- 
sistance R and inductance L, oscillates with a mechani- 
cal frequency w around synchronous position. During 
oscillation, the flux is changing, and generating po- 
tential, so that the differential equation of current in 
the coil can be written as 


direct axis field strength 
angular displacement 
= time 

Within the limits of oscillation 0, since the flux wave 
is approximately trapezoidal, B,, may be considered 
constant, without invalidating the strength of the dis- 
cussion. Now @ is made up of two parts—a steady part 


k 
5. 
6 

t 


(due to load torque) and a variable part (due to oscil- 
lation), 7.e, 06 = @,+ 6,, where 6, is taken as 0, 
= 6, sin wt. Substituting the above expression for 0 
in (1), we obtain 


di 
L— 7 + Ri = (kB,,0.) cos wt 


a (1.1) 
The solution of (1.1) is directly recognized to be 
é wR 2 : | 
a = kB,,6. [ Ro we cos wt + 4 Lt sin wt 
(1.2) 


Now thé torque exerted is proportional to the product 
of field strength and current, 7. e., T = cB,i, so that 
we have finally 

wR 
T=K[ jas 


cos wt + ep sin ot | 


(1.3) 

—s Tidamping ar T synchronizing 
Here, it should be remembered that w is the mechani- 
cal frequency of oscillation, and wl is strictly a mo- 
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tional impedance. The above expression for the damper 
winding torque can be appreciated physically for, while 
the voltage in the damper winding is proportional to the 
velocity d6/dt, and hence is displaced from the motion 
by 2/2 in time phase, this is not the case with the cur- 
rent flowing in the damper winding, to which the torque 
is directly proportional (since the main flux is essentially 
constant during oscillation), because of further phase 
displacement due to the inductive reactance in the 
damper circuit. This accounts for a term in the expres- 
sion for torque 7 (equation (1.3) ) caused by rotor 
oscillation which is in phase with the motion, and hence 
is a synchronizing torque. It is further seen that the 
maximum value of 74 is K/2L, and occurs when 
R = wl, which is an often-met relation, and not when 
k> 0, for in this latter case, the damping component 
would disappear entirely and the damper winding be- 
come entirely ineffective. However, for the more usual 
installations, the frequencies w at which oscillation 
occurs are such as to keep wl small with respect to R, 
so that in practical damper winding design, it is still the 
aim to reduce R still further. It should be realized that 
the lower the damper inductance, the more effective it 
can be made as a damper. 

The values of w are determined by the frequencies of 
the sinusoidally varying disturbances. The most com- 
mon types of disturbance in generator installations are 
those coming from the variable torque impulses of the 
prime mover (diesel engine, steam engine, etc.). The 
frequencies of the disturbances depend on whether, for 
instance, the driving diesel engine is 2 or 4 cycle, single 
or double acting, 4, 6, or 8 cylinder, etc.—and dis- 
turbances may come from higher harmonics than the 
first, cases being known where the 4th harmonic has 
given trouble. For instance, for a 2-cylinder, 4-cycle 
engine, the lowest frequency would be rotational fre- 
2-cycle engine, the lowest 
disturbing frequency would be 6 times rotational fre- 
quency, etc. For generator installations of the type 
being discussed, shaft speeds may vary from 100 to 
400 rpm, so that the range of w is from less than 2 
radians per sec to more than 80 radians per sec. At 
these higher values, which are the rarer, the value of 
wL becomes important, and too low resistance damper 
windings are inadmissable. At these higher frequencies, 
as well, the effect on the synchronizing torque must not 
be overlooked. In addition to the disturbances coming 
from the prime mover torque variations, sudden load 
changes cause the system to oscillate at its natural 
period—as determined by synchronizing torque and 
total system inertia—which is usually of the order of 
2 or 8 radians per sec, and corresponds to the lower 
range of the w’s, discussed above. 

The questions relating to proper proportioning of sys- 
tem constants, 7. e., flywheels, damper windings, etc., 
so as to avoid hunting or voltage variation, have been 
studied in detail by several authors, where the dis- 
turbing torques have been periodic forced impulses 
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arising from the prime mover. Another important 
aspect of the problem of parallel operation, which is 
fully as vital, but which appears to have been neglected, 
is the interrelation of governor action and system oscil- 
lation. Such cases have been experienced in the past— 
see Barnes, A.I.E.E. TRANS. Vol. 26, and the like. 
More recently, Mr. E. A. Tulus, associated with the 
author, has investigated experimentally such a case, 
taking complete oscillographic and torsiographic rec- 
ords, and it was as a consequence of this experience that 
the present investigation was undertaken. 

In earlier work, the underlying ideas have been only 
hazily appreciated, the only guiding principle being that 
the addition of more damping in the governor and 
generator system must reduce oscillation, being careful, 
of course, not to make the governor too sluggish. That 
the case is complex and requires an accurate quantita- 
tive appreciation of the magnitudes involved will be 
admitted when it is shown, for instance, that the addi- 
tion of a damper winding to a system having a high 
governor natural frequency is without point, and the 
like. 


HE SNEINITE SYSTEAT 


Let us consider the case of a generator, driven by a 
reciprocating engine, and governed by direct action, 
7. e., the inlet valve is directly operated by the governor. 
The case of indirect governing is analogous, but will be 
considered in a future paper. It must be appreciated at 
the outset that even with correctly acting and adjusted 
governing, there are certain phenomena possible that 
necessitate closer inspection. Consider the important 
case when the governor natural frequency (which 
exists, and is an unavoidable property of the governor) 
is in the neighborhood of the system natural frequency, 
as determined by synchronizing torque and _ total 
rotating inertia. If a sudden load change takes place, 
the governor in acting to prevent speed change, passes 
through a transient condition which is responded to by 
the now oscillation sensitive generator system, and 
under unfavorable conditions, the generator oscillation 
will build up and cause a falling out of step of the 
generator. 

In Fig. 3 is shown schematically a case of an engine 


Fig. 3 


1. For references see Bibliography. 
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driving a generator connected to a large power system, 
and controlled by a direct acting flyball governor. 
From a consideration of governor dynamics,*** it can 
be shown that due to the elastic force exerted by the 
transverse spring, 7’, an elastic restoring force exists on 
the sleeve, S, against a displacement of the sleeve from 
its equilibrium position, as determined by the flyballs, 
MM, the geometry of the linkage, the shaft speed w and 
gear reduction, etc. In the figure, D is an oil dash pot, 
which provides viscous damping during motion. It is 
now evident that the governor comprises an oscillatory 
system which will vibrate freely according to the 
differential equation of motion written below: 


me + ¢,2 +k x = 0 (2) 
where 
m = equivalent mass of the governor, referred to trans- 
lational motion of the sleeve (lb sec? per in.) 
x = translational displacement of sleeve (inches) 
Cc; = damping constant in governor system, mainly 
provided by dash pot shown schematically by D 
k, = elastic restoring force per unit displacement of 


sleeve—this is a function of w, which changes with 
the configuration of governor, etc. (lb per in.) 


That the generator system is also oscillatory, 7. e., 
capable of oscillating under a simple displacement from 
equilibrium position, is admitted from the discussion at 
the beginning of the paper. The condition of free oscil- 
lation can be written as 


16 +c.6+k.@ =0 (3) 

where 

I = total mass moment of inertia of generator system, 
7. €., engine inertia + flywheel + generator inertia, 
ete. (in. lb sec?) 

6 = angular displacement from synchronous position 
(mechanical radians) 

c; = damping constant, as determined mainly from 
damper winding design (in. lb per radian per sec) 

k, = synchronizing torque of the generator (in. lb per 
radian) 


Now we must examine and write down analytically how 
the governor controls the change in speed of the 
generator system under load changes—and how the 
oscillations may be excited in the generator system, 7. e., 
how equations (2) and (3) are interconnected. 

Since the governor position is determined by the 
rotational speed of its spindle, the displacement x of 
the governor sleeve must be connected in some way 
with the shaft speed w (since generator shaft and gover- 
nor spindle are rigidly connected by a gear). For small 
changes in speed, Aw, it can be shown to be true that the 
position of the sleeve changes proportionately, and 
further, that as the speed increases, x decreases. Fur- 
ther, since the governor sleeve is connected rigidly 
through a linkage to the power inlet valve of the prime 
mover, a change in load of the machine (which means a 
proportionate change in torque, AT’, since the change in 
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speed is small) is a linear function of the sleeve dis- 
placement, 7. ¢., AT « x. Besidesasudden change in shaft 
torque, AT’, mentioned above, there exists the periodic 
disturbing torque originating in the prime mover, the 
purely oscillatory part of which may be written as T, 
sin wt, so that our equations of motion describing the 
phenomena are 


16 + ¢,6 + k.@ = AT + T, sin ot (4) 


me +¢,2 + kx = — ¢ (Aw) 
where 
WE Ee) 
Aw = 6 j () 


Equation (5b) is merely an identity. By introducing 
(5) into (4), we get 
16 + c.0 + k.6 = kx =a T,sin wt | (6) 
mz +c, +k x =— cé J 
It is important to discuss for the moment the signifi- 
cance of the constants k and ¢, since the two are tied up 
with the governor sensitivity and design. If we call 
the maximum travel of the governor sleeve permitted 
by the design, x,.:, and this distance be transversed in 
a speed change of Aw,,..:, which change results in a force 
on the governor sleeve of k,2,..:, then ¢c is defined as 


EE . Smax ) i . Umar 
Cc ee a ot a eee 
Aw Aw 
WwW. 
w 
Kes Pace 
PV on 20 


where 6 is the regulation of the governor, and is of the 
order of 3 per cent. Concerning k, if it is taken that the 
maximum travel of the governor sleeve 2: corresponds 
to full action of the inlet valve, 2. e., from closed to open 
position, and T’,,,. is the normal full load torque, then 
a, fdas 
Reverting to equations (6), it is seen that if our 
governor were an “‘ideal” one, 7. e., without mass or 
friction, then our relations would be 
16 +¢.6 + k.@— kx = T,sin wt 


and k«=—ch or « =—c/k,0 @) 
Substituting (7b) in (7a) gives 
16 + (ce, + k/k,c) 6 + k.@ = T.sin ot (8) 


It is clear from (8) that ideally, governor action is the 
equivalent of pure damping, 7. e., a governor, as con- 
cerns torsional oscillation, furnishes a means of intro- 
ducing damping.* If, however, the motion x were not 
exactly out of phase with the generator oscillation (as 
indicated by (7b) ), as might be caused by inertia or 
damping delay in the governor system, it is even con- 
ceivable that the action of the governor might become 
detrimental. The consideration of just these conditions 
is our problem, and follows from a solution of the 
coupled equation (6). 


*Schenkel has called attention to this point of view, loc. cié. 
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Since we are not interested for the moment in the 
motion under the impressed oscillatory torque from the 
engine, but rather the interaction of governor and 
generator, we must consider the solution of 


16 +¢.6 +k.@ =ker 


mz +¢,2 +k,x =— cé (9) 
Introducing the type solutions 
x = Xe™ ) 
6 Sar ext : (10) 


By substituting (10) in (9), we obtain as the equation of 
compatibility a limitation on the a’s as determined by 
the 4th degree algebraic equation: 


Cs | [ ot — ee a=] 
T ive ed ce OE m 


attos| 


[ Be hciket | =0 11 
AE m ac - a 
This equation is of the type 

at — C,a8 — Cr02 + C3a + Ci = 0 (12) 


and thus it follows that there are four values of a. 
Since all the coefficients, C,...Cu., are real and posi- 
tive, it follows that the roots of such an algebraic equa- 
tion are also either real or conjugate complex. Since, 
however, we recognize that the uncoupled systems are 
oscillatory, a decent assumption to make is that our 
coupled system is oscillatory as well, so that all our 
roots will be assumed at first to be complex: 


Qa, = p’ _ aq’ ) 
As = p' a ig’ ; 
ee ese (13) 


od tet Roe 
If there exist any real roots, then either the q’s or the 
s’s will be imaginary or zero. When the a’s are de- 
termined, the final solutions are then 
4 ) 


| 
(14) 
| 


n ) 

where, however, the X,,’s and the @,’s are not inde- 
pendent, there being only 4 integration constants. Now 
by introducing (13) into (14) and recognizing that 
Xe! + X.e™ = e?* [X,’ sin q’t + X2' cos q’t] 

= e?' [X;sin (q’t + €:2)] 
the solution (14) takes on the physically more real form 
of 


x 
6 


Xye"' sin (q’t + €::) + Xrie™ sin (s’t + €22) 
Oye?" sin (q’t + €%) + Orre™! sin (s’t + €29) 


I 


(15) 


This form tells us immediately that our motions 
during coupled action of the generator and governor 
(without external disturbance from the engine) are 
oscillatory with two distinct frequencies, each damped 
according to different decrements. We now may 
realize for the first time that the condition of governor 
stability, 7. e., condition under which all oscillations 
decay with time, requires that both p’ and r’ be nega- 
tive. If either p’ or r’ be positive, then the correspond- 
ing oscillations increase with time, and the generator 
will fall out of step after a few oscillations. 


The determination of the amplitudes, X and 0, the 
phase angles e, the damping constants p’ and r’, and 
the frequencies q’ and s’ constitute the complete solu- 
tion of our problem. As the amplitudes and phase 
angles are determined by the initial conditions, and 
offer no notion of the stability of action, we are not 
concerned for the time being. We are, however, im- 
mediately concerned with the determination of the 
values of p’, q’, r’, and s’. From a theorem in the 
Theory of Algebraic Equations, it is known for quartic 
equations that the sum of the roots equals the negative 
of the coefficient of the cubic term (in equation (12), 
for instance); the sum of the products of the roots 
taken two at a time equals the coefficient of the quad- 
ratic term; the sum of the products, taken three at a 
time, equals the negative of the coefficient of the linear 
term; and the product of the roots equals the constant 
term. This gives us four equations to determine the 
four roots a;...a@,. By writing down these relations, 
we obtain the equations: 


p+r=—Cip 

py? + gq? + 2 - s/2 + Ap'r’ 

6 ale oat he me ee gna rs bem AE ye 
(p= g"2) (28) = 0. 

Now, the constants C,...C, in (16) are to be taken 


from equations (11), but it is desirable to notice here 
that, for the uncoupled systems 


I 
oA 


(16) 


cee Cs 
POS ed 
ee tee 
Te ge Day 
ke (17) 
P+g= ii = w,? 
k, 
ft ae 


so that (16) finally becomes 
pt+r=p4+r 


Or + wr +4 p'r’ = w2+ wo? +4 pr 18 
ar + pw? = rw? + pw2—-— ¥ (18) 
Wi”. We? = w,?. w,? 
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where ow = p?+q"; w. = 72+ 8”; and 
ae ck k, » Lmazx Tig iL. Wi,” 
VD ogee) Sa tmas ZIM 26 


(19) 


where 7 = time to bring the total generator system to 
full speed from standstill, under full load torque. 

These are a remarkably symmetrical set of equations, 
and command attention. It is now evident why the p’s 
and q’s were primed in (13)—the primed values refer 
to the coupled system, while the unprimed, to the un- 
coupled. Equations (18) give us fully and exactly the 
relations between the new frequencies and damping 
constants, p’, q’, r’ and s’ in terms of the old, p, q, r 
and s—as affected by the magnitude of 


W,” 


OTe 


eye 


which indicates the efficacy of the governing. For this 
reason, y must be called the ‘‘characteristic constant” 
of the combined generator and governor system, and 
is analogous to a coupling term. 

Equation (18) furnishes us with four equations to 
determine four unknowns—which equations, however, - 
are non-linear, and put us to considerable complexity 
to solve. Let us take advantage, however, of our 
physical concepts to attack the problem of stability 
directly. Referring to equation (18), by extracting the 
square root of (18d) and adding 2 times the result, to 
(18b), we obtain 


(wi + we)? +4 pr’ = (w, + w,)? +4 pr (20) 
Repeating, but this time subtracting, 

(wWi— We)? +4 p’r’ = (w.— w,)? +4 pr 
Now, equation (20) may be written as 

W1 + We = V (We + Ws)? +4 (pr— p’r’) (22) 
and, likewise, (21) as 
| Wi— We = V (W,— w,)? +4 (pr— p’r’) (23) 
The positive square root is always meant, and it is 


arbitrarily assumed that w; > @2. From (22) and (23), 
we get expressions for the w’s, by elimination: 


(21) 


det Vuk ee SR eR ee 
W1 = “9 V (Ws + w,)? + 4 (pr — p’r’) 
1 pee ee Oe ee de ees 
+ 9 V (@s— wo)? + 4 (pr — p’r’) 
Tos Oe sO a 
W2 = a V (Ws + Ww)? + 4 (pr — p’r’) 


1 ee ye aren ee 
— 9 V (@s— we)? + 4 (pr— pr’). (24) 
Now, by multiplying (18a) by w,’ and eliminating be- 
tween the result and (18c), we get for p’: 
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meet or — (Fo, + pw, — 7) 
Lae Wi? — WW? 


(25) 


As was discussed earlier, stability of governing is 
indicated by having both p’ and r’ < o. Now, from an 
examination of (18a), it is seen that if there were no 
damping in either the governor or generator systems, 
1. €., p =r = 0, then it would be impossible to have 
stable operation, since p’ would equal — r’ ~ 0, be- 
cause of (18c). We thus observe that it is imperative 
to have damping in either the generator or the governor 
system (not necessarily both) to begin with. It is more 
usual to provide this damping in the governor system, 
by introduction of dash pots or the like. In general, 
however, with both p and r # o (both being actually 
negative quantities), we must now follow the force of 
the argument presented by considering the border-line 
case, p’ = o. For p’ = o, r’ must be negative, from re- 
lation (18a), since both’p and r are negative; so that 
whereas the amplitudes of one type of oscillation would 
continue undiminished, the other would die away—and 
the condition would be called stable. Now, for p’ 
slightly < 0, r’ would still remain < 0, and stability in 
its real sense would be established. 


Fig. 4 


We are interested then in determining what con- 
ditions are necessary to make p’=o0. By placing 
p’ = oin (22)... (24), and writing 

Ai = (t. + w,)? +4 pr 
Ao = (W.— W,)? +4 pr 


w,2 (26) 
7s (ros DORE oD Be ) 
We have from (24a) by squaring 
1 yt} 
7 = ate (a, — As + 2 V tid ) (27) 


Repeating for (24b) and subtracting from (27) above, 
we get 


W112? — ae” = V/ AyAe (28) 
By substituting (26c), (27), and (28) in (25), at the 
same time recognizing that p’ < 0, we get 


+n peat 
es ) Qt as +2 Vaids)— As 


0> = 
V AiAz 


(29) 
as the criterion of stability. 

Expanding (29) by introducing the expanded values 
of the A’s from (26), we get 
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1 p+r 
w,t( 2 br —p)\—ree+ 5 { we + w,? + 4pr 
+ V(0e = @,7)? + 8 pr (2 + 0,7) 4.16 pr} 2% 
/ (w2— w? + 8 pr (w? + w,?) + 16 pr? 
(30) 
By denoting 
Wy 
Ws ew Ls 
equation (30) may be written as 
1 r 
wo2p( 9 br —p)=1 woo+* - { w.°(1+ p?) 
+4pr+-V/ w.!(1— p?)?+8pr w2(1+ p?) +16p?r? } 
‘/@, (1 — p)* + 8. prov (1+. p*) - 16. p7 
(31) 


The case of zsochronism, 7. e., when the natural periods 
of the governor and generator systems coincide, is 
given by p = 1 (w, = w, = w). Thus, (31) becomes 
somewhat simpler 


2 


@ ; 
28, + 2 +7) (or t+ V pr (pr + &) ) 


<0 (32) 


4 ~/ pr (pr + w”) 
It is immediately recognizable from (32), however, that 
since w?/2 67 > 0, it is imperative that both governor 
damping and generator damping exist, in order to 
obtain stability. This means that a damper winding 
is imperative where isochronism has unfortunately been 
found to be the case, unless the governor natural fre- 
quency or generator natural frequency can be suffi- 
ciently altered. The.above condition should be con- 
trasted with the conditions p <1 and p > 1, where 
only p or r need exist—not necessarily both. 

An appreciation of the general problem can only be 
had by numerically interpreting equation (31)—vary- 
ing p, p, and r for a fixed value of w, as reference, for 
instance. A usual value of w, = 20 radians per sec 
(= 200 vibrations per minute) will be taken. By assum- 
ingp = r = 0,— 0.5, — 1.0, — 2.0— 3.0, and p = — 0.2 
and r = — 2.0—and keeping p as the independent 
variable, we can write (31) as 


p’ = $(p) < 0, and plot $(p) vs. p 
obtaining a curve of the typeshown. Taking advantage 
of a knowledge of the usual magnitudes of the quantities 
involved, equation (31) may be greatly simplified and 
reveal its fundamental significance more clearly. For 


w, ~ 20 radians per sec 
6 283 per cent 
FIAT sec 

p 71. — 1.0 


we see that (31) has three simplified forms, depending 
on whether p > 1, p =1,orp <1. Thecasesp 21 
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must be excluded from the region 0.8 < p < 1.2. For 
p > 1, (31) reduces to 


(5 Soe ala 


<0 (33) 
procegh 
Similarly, we get for p < 1 
(ar p) aps 
26 ee 
eae <0 (34) 
For p = 1, (32) simplifies to 
a paterh 
= =a) 35 
867 V pr o 2 oP) 


Equations (33), (34), and (35) describe the essentials 
of the entire stability considerations. It is clear that: 

1. If the governor natural frequency exceeds that of 
the generator system, that large governor damping is 
necessary to produce stability. 

2. If the governor natural frequency is less than the 
generator natural frequency, then a damper winding is 
imperative. 

3. If isochronism exists, both governor and generator 
must have damping, and to a very much larger degree 
than in either (1) or (2). 

In Fig. 5 are shown the various cases plotted that are 
discussed in the previous paragraphs. For the cases 
taken, it is seen that stable operation is even possible at 
isochronism, provided a damper winding with a damp- 
ing constant p = — 3.0 is provided, as well as an equally 
well damped governor. That such a damper is possible 
is realized when it can be stated that it is possible to 
make dampers with a specific damping torque (in inch— 
Ib per mechanical radians per sec) equal to more than 
1% per cent of the specific synchronizing torque (in lb 
per radian), 2. e., 


|2p] = 1.5% w,?, or in this case 


0.015 
io ae 


x (20)? = — 3.0 


In order to crystallize the ideas involved, consider 
their application to an actual installation. Consider 
two 250-rpm, 4,000-kw generators, driven by triple- 


expansion steam engines, running in parallel. The 

additional magnitudes involved are 

Total system inertia = I = 200,000 in lb. sec? 

System time constant = T = 5sec 

Synchronizing torque = k, = 6.0 10? in per 
radian 

Hunting frequency = Oe = hefl = 1S 
radians per sec (166 per 
min) 


Governor natural frequency w, = 18.6 radians per 


sec (130 per min) 
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Ratio w,/2, = p = 0.78 
Regulation = : = 8% 
Generator damping =ic=20.01 ><- 10Cintib 
i Pedion per sec 
Cs 
Generator damping exponent = p = — pe 0.25 


= — 3.0 


Assuming the two generators are alike, then the 
paralleling relations are the same as those for one of the 
generators paralleling with an infinite system. It is 


Papa See 
fed stl LoL ga 
es pete tere Se ae 
POA RR 
ofp = 


EES a 


Governor damping exponent =r 


4.0 


UNSTABLE 


Ber ar ses 
ee ipescrs 


OPERATION =—— —+ OPERATION 
STABLE 


first observed that both the governor and generator 
natural frequencies are far enough removed from the 
operating speed, 250 rpm (and multiples of the same, 
1.@.,3 X 250, ete.) that no disturbances of the ordinary 
type will be encountered. It should be realized that 
coincidence of prime mover torque harmonics with 
governor natural frequency is just as serious as with 
generator natural frequency. 

We are concerned now with the stability conditions 
under sudden load changes. These are determined 
from equation (34), where p = 0.78, whichis < 1. The 
value of the expression in (34) is 
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1 1 
(x) + »_(axcooaxeg +925) 0.78)" — 0.25 
_ 1— (0.78)? 


1— p? 


(1.50) (0.61) — (0.25) 


a 0.39 = + 1.70, which is > o. 


This shows that the condition is unstable, and that the 
generators would fall apart. It is also evident from 
(34), that governor damping plays no role in the 
stability conditions for the case in question. Referring 
to equation (34) again, we have the option of decreasing 
the flywheel size, thus still further reducing p, but this 
will be attended by an objectionable increase in speed 
fluctuation due to prime mover torque variations, as 
well as an undesirable decrease in the time constant rT. 
It is possible to redesign the governor to give a much 
lower natural period—in this case p would have to be 
reduced to 0.40, which would mean w, = 6.9 radians per 
sec (67 per min). The other alternative is to add a low 
resistance damper winding, which will give us a new 
value of c, = 0.10 xX 10’ in lb per radian per sec (c, 


= 12/3% of k.), and make p = — 2.50. This would 
result in 

as 2.50 } (0.78)? 2.50 
(era ce 2) 07S = 2 


1— (0.78)? 
= — 0.54, which is < 0 
and the operation would be stable. 


The conclusions that we obtain from this investiga- 
tion are that whereas prime mover torque impulses must 
not coincide with either generator or governor natural 
frequencies for satisfactory continuous parallel opera- 
tion—that certain relations must exist between the 
governor and generator oscillatory systems for stability 
under rapid load changes, such as are obtained at the 
moment of synchronizing or under power load assump- 
tion. This condition of stability, as expressed in equa- 
tion (31), indicates that: 

1. When the governor natural frequency exceeds the 
generator natural frequency, damping in the governor 
is necessary, and useless in the generator. 

2. When the governor natural frequency is less than 
generator natural frequency, a damper winding is 
necessary, and governor damping is without point. 

3. For isochronism, both generator and governor 
damping are necessary, and in large amounts. 

For systems using indirect governing, 7.e., through the 
use of a servomotor, such as are necessary for water- 
wheel and turbine generator installations, unless very 
rapid response servomotors are used, phenomena as 
discussed in this paper do not exhibit themselves. 
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Discussion 


J. P. Den Hartog: The analysis of the instability problem 
starting from the differential equations (6) until the four alge- 
braic equations (16) is entirely clear and _ straightforward. 
From there on, however, the argument is difficult to follow. In 
solving the equations (16) the author draws square roots of 
which only the + — signs are retained, then adds and sub- 
tracts: a procedure that is just as likely to give correct as in- 
correct results. Moreover, until equation (25) the author keeps 
p’ = 0, then makes it zero and substitutes again into (25). The 
final result (31), (and the equations (33) and (34) as well) appear 
in the form of a fraction with an inherently positive denominator, 
which does not affect the sign and consequently should be omitted 
for the sake of simplicity. 

A much simpler and more convincing derivation of the result 
(31) is given on page 628 of Tolle’s book (2nd edition, 1909), 
quoted by the author’. It is as follows: We want to know 
under which conditions p’ (or r’) is positive. When p’ is zero 
it is evident that we are on a boundary between p’ being positive 
and negative. Set p’ = 0 immediately in (16): 

fe os On 2 ‘ 
q? +r? +32 = C2 (a) 
oy i C3/2 
q”? (r? +8") = C4 

These are four equations in the three unknowns, q’, r’, s’, 
which are eliminated in the following manner. 

From the second equation (a) solve r’ + s” and substitute 
into the fourth: 

q? (C2; —q") =C, 
Solve q” from the third and substitute into the above: 


i (a+st)=4 


2r 2r’ 


Finally take the value of r’ from the first equation (a) and 
substitute: 
C; C; ) 
Cz — = 10; 
C1 ( creme 1? ' 


C1C2C; = C2? + CLC (b) 
which is Tolle’s equation (207). 


This is the relation necessary in order that p’ be zero. Since 
(16) is symmetrical with respect to p’ and r’, the relation of 
r’ = Oalso is expressed by (b), which thus is the necessary and 
sufficient relation between the C’s in order to have the system 
on the boundary between stability and instability. 

When the values for Ci, C2, C3; and Cy, as shown in equations 
(10) and (11) are substituted into (b), we obtain with Mr. Stone’s 


notations: 
r 
p 


1 ve : 
7) pf = 0 (c) 


or: 


1 
(p+r){ we? +p) +4pr}. lo ae+ 


= Ww,” (p +r) + PWS? p-— 


which is the same result as the numerator of (31) after elimina- 
tion of its square root. 

The equations (c) or (31) express a relation between four 
independent variables: 
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(1) The generator damping p. 

(2) The governor damping r. 

(3) The frequency ratio p. 

(4) The “coupling constant” 6T. 

In Fig. 5 a fifth variable p’ = @(p) is brought in and the 
relation between these five is plotted as a single family of curves. 
This obviously is impossible; a diagram like Fig. 5 can repre- 
sent only the relations between three variables. In this case, 
however, it is said that for p <1 the stability is independent of 
generator damping. But the value of the ‘‘coupling constant” 
6T or Y is not mentioned at all. 

Moreover, for a graphical representation of the result (c) it is 
essential to use dimensionless variables in order to make the 
diagrams applicable to all possible cases. 
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Mr. Stone’s variables p and r are of the dimension 1/time, 
while 67 is of the dimension of time directly. In order to make 
these dimensionless, it is convenient to introduce the ‘‘critical 
damping coefficients.” 

For the governor we have: 

(Cy)erié = 2MWg, 
which is the damping necessary to make the governor just dead 
beat. Thus the four new dimensionless variables are: 


Cc . . 
Cg/Cg crit = ag aS = governor damping ratio 
g 
Cs : : 
Cs csate = Sorin toe generator damping ratio 
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Pp = W,/Ws; = frequency ratio 


Writing the constants Cy, ete., of equations (11) and (12) in 
terms of these dimensionless variables and entering with them 
into (b) leads to: 


ab + a®b? + ab? + abp? + a°bp + ab’?p + T(a + bp + ab + ab?) 


=T(I' +56 + ap) + 2abp (d) 
where: 
@m'O —* andb = 3p on 
Cs crit Cg crit 


This complicated equation is the same as (31) or (c), but 
written in a dimensionless form. Since there are four variables, 
the relation can be plotted only as a set of diagrams, each con- 
taining a family of curves. 

This is shown in Fig. 1. The two damping ratios are measured 
vertically and horizontally along the axes; the coupling ratio [ 
is the parameter for the various curves, while for each frequency 
ratio p there is another diagram. 

It is remembered that each curve in these figures represents 
the relation (b) which is the boundary between stability and 
instability. The analysis has not revealed on which side of each 
curve the system is stable. This has to be found by trying out 
one case numerically, or as follows: 


Right under (25) Mr. Stone draws the conclusion that at 
p =r = 0 (or in the new notation at cg/Cg crit = Cs/Cs crit = 0) 
the system is unstable. Thus we see that the area under and to 
the left of each curve of Fig. 1 represents instability; the area 
above is stable. } 

The diagrams of Fig. 1 give the solution completely. As an 
example take the numerical case Mr. Stone discusses, for which 
the four dimensionless variables become: 


(c/cirieYgen = 0.014" (6/t.- 8) jeu = 022 
p =0.78 T = 0.085 


Taking the governor damping 0.22 and the frequency ratio 
p = 0.5, we find from the first diagram by interpolation of 
T = 0.085 between I = 0.05 and I = 0.10, that a generator 
damping of 0.045 is necessary to make the system stable. For 
p = 0.707 similarly we find that 0.055 is needed and for the 
resonance case Pp = 1 the required generator damping ratio is 
0.026. Plotting the three values 0.045, 0.055 and 0.026 on a rough 
sketch we can interpolate graphically for the required frequency 
p = 0.78 and find that about 0.050 generator damping is- re- 
quired for stability. oe 

The first two of the three conclusions of the paper are entirely 
correct, but the last one is inaccurate in one respect. It is seen 
that the required damping at ‘‘resonance’’.p = 1 is noé larger 
than away from p = 1. In the numerical case cited by Mr. Stone 
the required generator damping for stability in the ‘‘resonance”’ case 
(p = 1) would be about half as great as in the actual case of p = 
0.78, as was seen above. 

The author calculates the stability of the system in each case 
from either (33) or (34) as the case may be and it is stated that 
these are obtained from (31) by letting p be $1. It would be 
desirable if the author would explain this in some more detail, 
since the results are not at all obvious. 

With the diagrams of Fig. 1 the significance of the solutions 
(33) and (384) becomes apparent. Briefly, formula (33) states 
that for p > 1 the curves of Fig. 1 are straight vertical lines with 
the correct interseetions. at_the governor damping axis, and 
similarly (34) gives horizontal lines for p <1. Consequently 
(33) and (34) are excellent approximations for small values of 
the damping. 
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In conelusion it is of interest to note that, although this 
problem was solved nearly completely in 1902 by Féppl,! and 
has subsequently appeared in a number of classical German text 
books,” apparently no mention has ever been made of it in the 
English or American literature. 


W. H. Ingram: Routh in his Adams Prize Essay at the Uni- 
versity of Cambridge for the year 1877 discussed the stability 
of the Watt governor and found that its motion was described 
by a third order differential equation. He found also that the 
dash-pot friction must not be small, so it would hardly be safe 
to assume that two of the roots are conjugate complex. 


General criteria of stability were also given; vide “On the 
Stability of a Given State of Motion,’’ MacMillan, p. 29. A 
practical treatment of the problem of governor controlled 
generators is given in Juillard’s “Die Selbsttaetige Regelung 
Elektrischer Maschinen.”’ 


T. A. Rogers: There was one point brought to the writer’s 
attention while going over the paper that is discussed in the 
following. 


Solving equation (1.1) we get for the complete solution 


: _# t f) WR wL f 
2= KiE +kBin Aware Ot + cin ot | 
ets 

Theterm KiE / isomittedin equation (1.2). Wasit omitted 
because the paper discusses steady state oscillations only or 
because the decrement is high and the term becomes negligible 
after a very short time? It would seem that if a sudden displace- 
ment of the rotor were introduced, this term would act as an 
additional damping torque and for the first instant might not 
be negligible. 

It might be pointed out also that the decrement R/L is pro- 
portional to 1/7,” where 7',” is the quadrature axis sub-transient 
short-circuit time constant as defined in the ‘‘Report of the 

- Subject Committee on Proposed Definitions of Terms Used in 
Power Systems”’ Section 4, paragraph 21. The writer has never 
seen values of this time constant published but assumes that it 
is of the order of magnitude of 7'g” which is quite small. In this 


Sai 
case the transient term KiE 4 would become negligible after 
a very short time and may be disregarded altogether. 


An additional oscillating system which may: introduce stability 
problems in governing lies in the mechanical system consisting 
of the prime-mover, shaft, flywheel and generator. In some cases 
the torsional oscillation of this system may coincide with the 
harmonic of the prime mover torque, or with the free period of 
the governor and may introduce hunting of the prime mover 
under light-load and no-load conditions. 


M. Stone: Professor Den Hartog’s interesting discussion is 
answered in the following: 

The objection to using the + sign in extracting the square roots 
disappears when the convention is adhered to that @2> W:, as has 
been done. The reason for retaining the denominator in the 
inequality (31) is to obtain a more accurate idea of the proximity 
to the limit of stability, and the importance of governor and 
generator damping. These are plotted in Fig. 5. Professor Den 
Hartog states that equation (31) is derived in Tolle’s book, but 
this is not the case, since he does not consider the ease of this 
paper, of which (31) is the criterion. Probably what is referred to 


1. Féppl, Elektrotechnische Zeitschrift, 1902, p. 59, where also the case of 
dry-friction is treated. 

2. Tolle: le. 2nd ed. pp. 600-635, in particular p. 628. Fdéppl: Vorle- 
sungen, etc., Vol. VI, pp. 293-332: 1st ed. 1910. Hort: Technische Schwin- 
gungslehre, 2nd ed. 1922, p. 266-273 and pp. 607-615. 
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are the conditions for stability for a general 4th degree algebraic 
equation, such as (11) is, and which (12) typifies. The author 
does not claim to be the first to study this general mathematical 
question, which it is believed Hurwitz in a Mathematische Annalen 
publication in the 1870’s first discussed. The author’s develop- 
ment of the stability criterion in this case has been from as physi- 
cal an idea as the case affords. 


Although Professor Den Hartog states that his equation (c) 
is the same as the author’s (31), I am not able to follow the de- 
velopment. At any rate, the omission of the denominator is 
serious to the extent that it leads Professor Den Hartog to state 
that greater damping is not necessary for stability in the neighbor- 
hood of synchronism. That this is the case, however, follows again 
from Fig. 5, when it is seen that as p > 1.0, both p and r must 
increase to make p’ <0. In discussing Fig. 5, Professor Den 
Hartog has assumed that I had intended to represent the rela- 
tions between the five variables p, p,r, W; and OT in this diagram. 
This obviously would be impossible—and, as is stated in the paper, 
the figure represents the conditions concerning the actual case of 
parallel operations of generators. Thus, for Fig. 5, w, is kept 
constant at 20 radians per sec and 67 at 0.03 X 11 = 0.33;and p 
and r are studied in pairs, bringing out the very important con- 
clusions (33), (34), and (35). Professor Den Hartog’s extension of 
this phase of the study to include arbitrary variations of all five 
variables, in dimensionless form, is a very desirable way of study- 
ing all such problems, and is heartily endorsed. 


Regarding the development of equations (33), (34), and (35) 
from (31), the results were obtained as stated, by neglecting p and 
r with respect to W,, except for p = 1.0. 

With reference to Professor Den MHartog’s concluding 
remarks concerning Féppl’s work, this latter author econ- 
sidered the case of two generators driven by two prime movers, 

and mechanically coupled, as 

z shown in Fig. 2 and neglected 

= aa sie damping in the generator systems 

aswell. The references to Féppl’s 

other work, and Hort’s have to 

do with the conventional parallel 

operation problems, that are 

handled better in the references 

the author has cited. It is to be 

appreciated that the role of gen- 

erator damping represents the 

fundamental contribution of this 
paper, as is emphasized in the conclusions. 

Mr. Ingram’s remarks are well taken, but I believe the first to 
point out the inherent instability in an improperly designed Watt’s 
governor is due to Maxwell, who showed that a 3rd degree alge- 
braic equation represented the facts. 


Sl ah 
Fig. 2 


R 

In answer to Mr. Rogers, the term KiB has been pur- 
posely omitted, since the relation (1.3) in the paper represents the 
damping and synchronizing effects for continuous oscillation. Con- 
cerning the probability of stability involved in the interaction of 
governor oscillation and the torsional vibration of the elastic 
system, this practically will never occur, since the latter natural 
frequency usually is much too high. 

Interesting comments were received from Professor Palmer of 
the University of Colorado, who applied Guillemin’s method’ 
with a certain amount of desirable conciseness, although losing 
some of its clarity. The author would also call attention to a 
vacuum tube circuit analogue of the problem as discussed in 
“Non-Unilateral Oscillations,’ Journal of the Franklin Inst., 
Dee. 1932. 


3. A.I.E.E. Trans., April 1928, p. 361. 


Synchronous- Motor Pulling-Into-Step 
Phenomena 


Mathematical Solutions of Various Idealized Differential 
Equations of Motion Made Upon the Differential Analyzer 


BY HAROLD E. EDGERTON* 


Member, A.I.E.E. 


KENNETH J. GERMESHAUSEN* 


Associate, A.I.E.E. 


Synopsis.—The Differential Analyzer at the Massachusetts 
Institute of Technology has made possible the rapid and accurate 
solution of the idealized non-linear differential equations of motion of 
synchronous motors which describe the pulling-into-step transients. 
The purpose of this paper is to present the results of these solutions 
in a useable form. These results give a rather complete analysis 
of the phenomena, and thus enable the determination of the per- 
formance of practically any machine. 


GORDON 8. BROWN* 


Associate, A.I.E.E. 


RALPH W. HAMILTON* 


Associate, A.I.E.E. 


and 


One of the factors which is considered in this paper is the time . 


constant of the field circuit with the armature short-circuited. Curves 
are given showing the additional load which may be synchronized 
when the field switching is angularly controlled to the best angle. 
The influence of salient poles has been considered as well as non- 
uniformity of the amortisseur winding. The practical application 


of the study is indicated by a numerical example. 
8. ik ee oe 


INTRODUCTION 


MECHANICAL calculating machine! named the 
“differential analyzer’’ has been developed at the 
Massachusetts Institute of Technology under the 

direction of Dr. Vannevar Bush. This machine has 
made it possible to solve rapidly and accurately the non- 
linear differential equations which represent the con- 
straints upon the motions of synchronous motors during 
transient conditions. 

Three previous investigations? of synchronous- 
motor phenomena have been made with a preliminary 
experimental calculating machine? which was called the 
product integraph. The difficulties of manipulation and 
the inherent errors of this machine limited the extent 
and accuracy of the solutions. Now, with the new and 
accurate differential analyzer, all of the previous work 
upon the pulling-into-step problem has been repeated 
and greatly extended. The solutions have been ex- 
tended to include the “best’’ switching condition and 
the condition for “ultimate’’ synchronization, as well as 
the “‘worst”’ switching condition, which was the goal of 
the previous investigations. Complete maps of the 
regions of stability and non-synchronous operation have 
been determined for all practical cases. Also the effect 
of the field time constant has been included as another 
factor. 

The purpose of this paper is to present the data from 
the solutions. Readers are referred to the previously- 
mentioned articles (4 and 5) for background, the latter 
containing a rather extensive bibliography of previous 
work on the problem. 

The charts compiled from the results of many solu- 
tions make it possible to calculate quantitatively the 


*Massachusetts Institute of Technology. 
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advantages and benefits of angularly controlled field 
switching. The benefits are summarized as follows: 

1. From 0 to 45 per cent more load can be synchro- 
nized with switching controlled to approximately the 
most favorable angle, compared with that for the case 
of ultimate synchronization. The gain depends upon 
the relative damping factor and the relative time con- 
stant of the motor as shown in Fig. 7. The largest gain 
occurs with high-resistance amortisseur windings, large 
inertia loads, and small field time constants. 

2. With angularly controlled field switching, a given 
motor and load can be pulled into step from a larger 
slip. The practical meaning of this is that the amortis- 
seur windings do not need to raise the speed to as high 
a value. Therefore, higher-resistance amortisseur 
windings may be used, resulting in better starting 
characteristics. 

3. When the field is switched at the most favorable 
angle the slip during the transient never exceeds its 
initial steady-state value. For the most unfavorable 
switching condition the slip during the transient is from 
60 to 200 per cent larger than its initial steady-state 
induction-motor value, depending upon the relative 
damping factor as shown in Fig. 8. 

4, Favorable switching minimizes the mechanical and 
electrical surges that accompany the pulling-into-step 
transient when the field of a motor is applied at un- 
favorable angles. 

Thus controlled field switching offers advantages for 
synchronous-motor applications where the starting 
conditions are difficult, the inertia is large, or the load 
at the time of pull-in is large. 


CYLINDRICAL ROTOR OR SYNCHRONOUS INDUCTION- 
Motor CASE 


In any round-rotor synchronous induction motor 
brought up to speed as an induction motor, there are 
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six major factors that determine whether the motor 
will pull into step. These are: 

1. The load on the motor during the synchronizing 
period. 

2. The maximum synchronizing torque due to the 
synchronous-motor effect. 

3. The field time constant. 

4, The induction torque-slip characteristic. (Assumed 
linear.) 

5. The inertia of the motor and connected load. 

6. The switching angle, 6,, which exists when the 
exciter is connected, and which is the electrical angle 
between the axis of the actual field pole and an imagi- 
nary field pole that would generate the terminal voltage 
on open circuit. 

When the above six factors are known the data given 
in this paper makes it possible to determine the maxi- 
mum shaft load with which the motor will synchronize 
and the most favorable switching angle 6,. Since it is 
desirable to have the motor pull into step on the first 
swing through the steady-state operating angle, the 
criterion established for the pulling-into-step is that the 
final steady-state operating angle shall be attained with- 
out the motor swinging more than once through a com- 
plete generator cycle after the field is applied. 

The equation of the pulling-into-step of a synchronous 
induction motor is generally accepted to be of the form 


d?6 dé ’ et, 
P; “ae tte q+ Pasin @(1— inet Pot (1) 


The significance of the various terms is given below: 


P; = coefficient which when multiplied by the accel- 
eration in electrical degrees per second per 
second, gives the component of power accelerat- 
ing the inertia (at synchronous speed). 

P, = coefficient which when multiplied by the slip in » 
electrical degrees per second, gives the com- 
ponent of power due to the induction-motor 
effect. (Assumed constant in the solutions.) 

P,, = maximum power due to the synchronizing ac- 
tion of the field current. 

P, = amount of shaft load at synchronous speed 
(considered constant in the solutions). 

a6 alae . 

ny acceleration in electrical degrees per second per 
second. 

dé *: : 

rail slip in electrical degrees per second. 

6 = the angle in electrical degrees which exists be- 
tween the axis of the actual field pole and an 
imaginary field pole that would generate the 
terminal voltage on open circuit. 

6, = the value of @ that exists when the exciter is 


connected. 
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(1—-e~*) = term taking into account the effect of the 
field time constant. 
1 = Heaviside’s unit function which is zero before 
and unity after time equals zero. 

In deriving the equation it is assumed that the arma- 
ture currents and potentials are sinusoidal, that the ap- 
plied armature and field potentials are constant, and 
that the stator resistance and the effect of the rotor 
leakage inductance are negligibly small. 

To facilitate solution by the differential analyzer the 
equation can be reduced to a more convenient form by 
dividing through by P,, and replacing ¢ by a new di- 
mensionless variable ); this gives the equation as 


d?6 dé Le Py 
dd2 a a dd +sin@(1— e« So (2) 
where 
P44 t 
= aN Na 
EPP to) 


In the reduction of equation (1) to the above form, 
a is selected so that the coefficient of the acceleration 


de _ de ~g-aaA]y = PL 
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term and the coefficient of the sine term shall be unity. 
For this condition 


P; 
0 aN Sepa 


The factor k is called the relative damping coefficient 
and combines the terms Pa, P;, and P,,, which depend 
upon the motor under consideration, into one factor. 
Thus all machines having any given value of k respond 
with similar electromagnetic transients, in terms of X, 
when similar disturbances are imposed upon them, re- 
gardless of the size of the machine. 

The relative damping coefficient k is a numeric which 
contains the dimensions of angle and is proportional to 
the square root of the magnitude of the unit used for 
measuring angle. In the solutions that follow, angle is 
measured in electrical degrees. If electrical radians are 


180 
used, k would be multiplied by the factor J Pray 
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The factors influencing the pulling-into-step of the 
motor have now been reduced to four. 


ik = therelative damping coefficient. 
2. Po/P, = the load ratio: 
Suds = the value of @ when the exciter is 
connected. 
1 ee 
4, ——_ = relative time constant. 
aa 


To be able to predict what will happen in any par- 
ticular machine it is necessary to have a range of solu- 
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tions covering all values of these coefficients met with 
in practical machines. 
A number of solutions were made, each for a different 


1 
value of k, 0,, and map Typical solutions of this type 
are shown in Fig. 1, curves of slip against angle for 
uf 
fo WO nanG == 0: 
ad 


For the chosen value of'k, initial switching angle and 
load ratio, the curves show how the angle 6, and the 
slip, subsequently varied. Curves }, c, and d, f, Fig. 1, 
are for k = 0.02 and @, = 180 deg. For a value of 

Be, 
| ee 


first swing, conforming with the criterion. For a value 


= (0.14 (curve b) the machine synchronized on the 


ne 


Pa 


the third swing, hence did not conform to the criterion. 
From a family of curves such as these the plot in Fig. 2 
was constructed. 

After making several solutions of the type in Fig. 1 
it became apparent that a critical solution is one that 
gives a final steady-state operating position on the 
unstable portion of the power-angle curve, such that 
the synchronous torque then developed is the same as 


of = 0.175 (curve c) the machine synchronized on 
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it would be if the machine were operating in a stable 
position. In other words, the motor reaches a con- 
dition of zero slip and zero acceleration in the unstable 
region of the power-angle curve, with the load torque 
exactly balanced by the synchronous torque. When the 
relative field time constant is zero, this knowledge per- 
mits the use of a valuable characteristic of the differen- 
tial analyzer, namely, that it can be operated either for- 
ward or backward. If the final conditions for a critical 
solution are known, the machine may be set to conform 
to these conditions and operated so that time proceeds 
in a reverse direction. It will then solve for the initial 
conditions necessary to give the known final result. 

In Fig. 2 the various possible types of solutions and 
the switching conditions which give rise to them are 
classified into regions on a chart. A point on this chart 


has as its co-ordinates the load ratio and the 


L 
ie 
switching angle 0,, the entire chart being for a particular 

1 
value of k and of ae Points that lie in the unshaded 
portion of the plot show the load ratios and switching 
angles for which the motor will synchronize without — 
swinging beyond the first region of motor action. For 
points lying in the region shown by dotted cross-hatch- 
ing the motor will synchronize in the next region of 


motor action after passing through a complete region of 
generator action. Points within these two regions are 
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Fig. 3—Curves ror Rounp-Rotor Syncnronous Motor 


Showing positions of best switching angles as functions of the relative 
time constant for constant values of k. Note that all the angles refer to 
generator region 


the only ones for which the motor will synchronize and 
satisfy the criterion. For points lying in the region 
shown by lattice cross-hatching the motor will even- 
tually synchronize after passing through a number of 
motor and generator cycles. It was definitely proved 
that points lying within these three regions are the only 
ones having co-ordinates of load ratio and switching 
angle for which a motor with the given value of k and 


1 : : 
ave will ever synchronize. In other words, for points 
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in the region shown by plain cross-hatching the motor 
will never synchronize but will continue to run as an 
induction motor. 

The load ratio corresponding to points S and S’ be- 
comes significant since it is the maximum that can be 
eventually synchronized when the switching angle is 
uncontrolled. This load ratio may be called the ultimate 
load ratio. 

With the data obtained from families of curves of the 
type in Figs. 1 and 2, Figs. 3 to 7 were prepared. The 
captions are self-explanatory, hence it is not necessary 
to discuss the curves here. 


SALIENT-POLE SYNCHRONOUS MOTOR 


The theory of the pulling-into-step phenomena for a 
salient-pole synchronous motor has been given in the 
results of a previous study® made on the product inte- 
graph. Some of this work has been repeated and ex- 
tended with the new differential analyzer. 

The salient-pole-motor case involves the use of a more 
comprehensive equation, as described in the reference 
mentioned above. Only the graphical results of the 
present study are given in this paper. The methods of 
obtaining the results are identical with those used for 
the round-rotor case with the exception that the initial 
slip is not constant. The variation of the initial slip is 
due to the torques caused by the reluctance effect of the 
salient poles and the incompleteness of the amortisseur 
windings. Both of these torques are functions of angu- 
lar displacement. 

Fig. 9 gives two curves (marked Pr/P, = 0.3) show- 
ing the range of load ratio which will just allow pulling- 
into-step as a function of the relative damping coeffi- 
cient for a salient-pole machine having a reluctance 
torque equal to 30 per cent of that torque which is a 
sine function of the angular displacement. In these 
curves the damping is considered to be equivalent to 
that of a round-rotor motor; that is, the induction- 
motor torque does not vary with the angular displace- 
ment. The lag of the building up of the field has been 
neglected for this aspect of the problem, since the con- 
clusions of the extensive study of the effect of the field 
transient on the round-motor machine undoubtedly 
apply to the salient-pole machine. ~ 

Other curves (marked 6 = 0) on Fig. 9 show the lar- 
gest load ratios which are permissible as a function of 
the relative damping factor for a cylindrical rotor motor 
with a damping torque that varies as a cosine squared 
function of the angle. The effect of the field time con- 
stant was also neglected in these curves for the same 
reason as in the salient-pole case. 

The curves of Fig. 9 show that the salient poles and 
incomplete amortisseur windings do not greatly in- 
fluence the ratio between the critical load ratio and the 
relative damping coefficient. The explanations for this 
are: 

1. The excursion of the angle covers such a large 
range of values that only the average coefficients of the 
differential equation are of importance. 


SYNCHRONOUS-MOTOR PULLING-INTO-STEP PHENOMENA 


1345 


2. The torque variations before the field circuit is 
energized cause the instantaneous initial slip to vary in 
such a manner that the initial slip is a maximum at 
what would otherwise be the most favorable switching 
angle. Thus the expected gain from saliency is largely 
neutralized. 

The maximum slip during the transient is plotted as a 
function of the relative damping factor in Fig. 8. The 
salient-pole motor has a larger variation of the maxi- 
mum slip than does the round-rotor machine. 


PRACTICAL APPLICATION OF THE DIFFERENTIAL 
ANALYZER SOLUTIONS 


The previously-mentioned papers‘ demonstrated the 
manner in which the solutions were applied to deter- 
mine whether or not a synchronous motor would syn- 
chronize for the worst switching condition. A mathe- 
matical inequality was determined from the slope of the 
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Fig. 4—Curves TAKEN FROM THE RESULTS TO SHOW THE 
Errrect oF THE Time CoNnsTANT OF THE FIELD CIRCUIT FOR A 
Rounp-Rotor SyncHrRonovus Motor 


curve that separated the region of unstable solutions 
from the stable ones, and thus made it possible to obtain 
useful relationships such as expression 5 of reference 5, 
or expression 7 or 8 of reference 4. The data from the 
differential analyzer solutions which were made for this 
paper show the error that is made by taking such a 
linear relationship. Fig. 9 shows the actual curve for the 
most unfavorable switching condition. If the load ratio 
is between the limits 0.1 and 0.8 it is justifiable to use a 
straight-line relationship which is certainly within the 
precision of the determination of the coefficients and 
constants of a synchronous motor. 

The curves in this paper make it possible to calculate 
quantitatively the additional load that may be syn- 
chronized if the field switch is closed at the most favorable 


-switching angle. As may be seen from Fig. 4, this angle 


may be varied about 10 degrees from the optimum value 
without seriously influencing the maximum load ratio. 
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This should permit considerable simplification of the 
field switching device. 

There is an important factor which is always present 
to some degree in all motors but which has been neg- 
lected in this study. This factor is the amount of non- 
linearity of the slip-torque curve of the motor. The 
results given apply only to motors which have linear 
slip-torque curves for the entire transient excursion of 
slip and which have the same slip-torque curve before 
as well as after the field circuit is energized. Therefore 
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engineering judgment needs to be exercised when apply- 
ing the results to practical motors. If the slip-torque 
relationship is non-linear, the chart showing the per 
cent gain will be pessimistic, that is, angularly-con- 
trolled field switching will yield a larger gain than is 
predicted by the results of this study. The reason for 
this is due to the different range of the values of slip 
encountered for the best switching condition and for 
the ultimate or the worst case. As can be seen from the 
characteristic solutions shown in the left-hand side 
in Fig. 1, the slip for the best switching condition never 
exceeds its initial value, while the slip for the worst 
case increases greatly because of the swing through the 
generator region. Since the deviation from the linear 
part of the slip-torque curve increases as the slip in- 
creases, the results given for switching under the most 
unfavorable angle will be affected more than the results 
for switching at the most favorable angle. Thus motors 


1 : 
having values of k and te for which the charts 
show no gain, may actually realize a gain because of the 
non-linear aspects of the slip-torque curve. 

In what follows, the data that are necessary for de- 
termining the synchronizing characteristics of a syn- 
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chronous motor are listed, and a complete sample calcu- 
lation is given. The units used for numerical values on 
the curves correspond to electrical degrees and therefore 
the angle must be expressed in electrical degrees. A 
convenient unit for torque is the synchronous kilowatt 
since the speed does not vary far from synchronous, and 
since the machine characteristics usually are expressed 
in kilowatt units. 


Necessary Data 
P; inertia coefficient in kilowatts per electrical degree 
per second per second. 


(WR)'f 


P= 186 ” < 10-* kw/elec deg/sec? 


(3) 
where (WR)? is the moment of inertia in pound- 
feet.? 

f is the frequency. 

is the number of poles. 
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P, damping coefficient in kilowatts per electrical 
degree per second. 


Pa 


Pa = 360 fs 


kw/elec deg /sec? (4) 
where Py and s are taken from the near-syn- 
chronous straight-line portion of the slip-torque 
curve. 

Py = load torque in synchronous kilowatts. 

s = thecorresponding per-unit slip. 
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dio 
degrees. 

P;, load on the motor in kilowatts. 

n synchronous speed in rpm. 


ae field time constant with armature short circuited. 
Example—Sintering Fan Drive 


8-pole, 60 kva, 900 rpm, 440-v, 75 hp, 1.0 power factor 
total WR? = 4,000 pound-feet? 


BP = 0.0697 kw /elec. deg/sec.? 
Pa = 0.170 kw/elec. deg/sec. 
fe = 117 kw. 

fa =T, = 0.0955. 

Pil P= OAT. 


From the above data the following constants may be 
calculated. 


: : : tee 
k  =relative damping coefficient = = 0.0594. 
jim 
E P; 
a  =conversion factor = ane a 0.0244. 


1 
se =relative time constant = 3.91. 


The ultimate condition of just synchronizing is read 
from Fig. 6 entering with k = 0.0594 and reading 
Py/Pm = 0.560. This shows that the motor is con- 
servatively rated provided the slip-torque relationship 
is approximately linear. If in practise the load should be 
larger than normal, the curve of Fig. 7 shows that if 
the angle is controlled to the most favorable switching 
angle, then about 0.2 per-unit more load than the ulti- 
mate can satisfactorily be pulled into step. The most 
favorable switching angle is 36 degrees (generator) as 
read from Fig. 3. 


THE DIFFERENTIAL ANALYZER CONNECTIONS 


To illustrate the method of solution of this problem 
using the differential analyzer, a typical case of the 
round-rotor motor will be considered and the effect of 
the field time constant taken into account. In order to 
follow the process more readily, the differential equation 
of motion will be written in the form: 


aod BAe P,, 


~ fsinoa—e-ey1dd Jar 6) 


dr— fkde 


The differential analyzer performs the operations 
indicated on the right-hand side of the equation, and 
the motions of its parts are at all times constrained in 


accordance with the dictates of the equation. At any 
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synchronizing torque in kilowatts for 6 = 90 instant during a solution the position of any particular 


shaft represents the instantaneous value of the term or 
group of terms of the equation which the shaft repre- 
sents. Any two of these shafts may be coupled at will 
to the abscissa and ordinate shafts of a curve—drawing 
mechanism or output table. As the solution proceeds, 
the curve traced out shows the functional relationship 
between the quantities which the respective shafts 
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Showing the additional load which may be pulled-into-step when field 
switching occurs at the ‘‘best’’ angle (as a ratio to that which may be 
‘“ultimately”’ pulled-into-step) as a function of the relative time constant 
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represent, and therefore constitutes a solution to the 
differential equation. 

As will be seen from Fig. 10, the machine consists of 
integrators, input tables, and output tables, which may 
be connected together by means of longitudinal or cross 
shafts. For this particular problem the inter-connec- 
tions are shown schematically in Fig. 11. 

Referring to the integrators, I,, I2,—I;, shown on 
Fig. 11, each may be considered as a unit with three 
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shafts, the angular motions of which are u, v, and w, 
so connected that at all instants uw =c f wdv. An 
input table T1, T's, has two shafts, X and Y, one of 
which moves a pointer horizontally in the direction of 
abscissas, and the other vertically in the direction of 
ordinates across a plot of a function. One shaft is con- 
trolled manually to keep the pointer on the plot, thus 
giving at all times Y = f(X). In order that the sum of 
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two terms may be handled, ‘‘adders” or differential 
gears A, and A» are provided which can be connected 
to three shafts so that the revolutions of one will be the 
sum of the other two. In laying out a problem on the 
machine each longitudinal shaft is assigned to one term 
or group of terms of the equation and the letters A, B,— 
L at the left of the schematic diagram Fig. 11 indicate 
the turns per unit of the term which the particular shaft 
represents. For a detailed description of the other im- 
portant parts of the machine, such as torque amplifiers 
which make the integrators possible, and the front-lash 
units, etc., the reader is referred to reference (1) in the 
bibliography. 

Neglecting scales and directions of rotation for the 
present, we shall proceed with the particular set-up. 
On table T; is placed a plot of 1— e~* as ordinate 
and ) as abscissa, and on table 7, is plotted sin 6 as 
ordinate and 6 as abscissa. According to equation (5) 
the angle @ is the integral with respect to \ of the sum of 
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three integral expressions. The three integrals are the 


ai 


Pr 


load ratio and the product sin 6 (1 — e~*”) inte- 


grated with respect to \, and the relative damping coeffi- 
cient k integrated with respect to 6. To perform the 
process of integration the procedure is as follows: 

The shaft v of integrator I, is connected to the longi- 
tudinal shaft L representing \ and the shaft w is dis- 


Da 


Pp. Connecting w, to the shaft 


placed proportional to 


ie 
G then gives the motion of G proportional to eee dX. 


The integrator I; has its shaft w. displaced proportional 
to k and its shaft v. connected to shaft A representing 
the units of 6. The motion of the shaft uw. then repre- 
sents § kd @ and is connected to shaft D. The integral 
of the product of the sine term and the exponential is 
readily handled by means of two integrator units, one 
unit being used to integrate, the other to multiply. 
The abscissa shaft X, of table TJ; is connected to shaft . 
L which results in the pointer on the curve of table 7; 
being displaced horizontally according to \. The ordi- 
nate shaft Y, is then given a motion proportional to 
(1— e~*) by keeping the pointer on the plot. The 


shaft Y, connects to shaft J which in turn connects to 
shaft ws of the integrator J;. The integrator has its 
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THE Mass. InstirutzE or TECHNOLOGY FOR SoLyING Non- 
LINEAR DIFFERENTIAL EQUATIONS 


shaft v3; connected to shaft L and so gives the motion 
of the shaft uw; proportional to the £ (1— e~*)d X. 
To perform the multiplication the shaft w; is linked with 
the v, shaft of integrator J, through the shaft H. The 
shaft w, is displaced proportional to sin 6 by being con- 
nected to the shaft B which in turn is controlled as to 
motion by the shaft Y. of table 72. The shaft Y» is 
turned by hand to keep the pointer on the plot. The 
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motion of shaft uw, of integrator I, then becomes pro- 
portional to f sin 6 [1 — e~°*”j d \ and is connected to 
shaft F. The motions of the shafts G and F are then 
added by the adder A, and its output G and F, con- 
nected to E. Adding the motions of the shafts E and D 
by the adder A. and connecting the output to shaft C 
gives the motion of shaft C proportional to the value of 
the expression 


ines 


The angle 6 is the integral of all this with respect to i, 
hence shaft C is connected to shaft w; of integrator I; 
and the shaft L connected to the shaft v;. The motion of 
the shaft uw; then becomes 


S[ffeans frae 


+ fsinoa—e-™) 1dr Jar (7) 


dd+ fkde+ f sing a-e-™)1dX. (6) 


and equals the angle @. Connecting wu; to shaft A and 
A to the abscissa X» of table 7’. now closes the set-up 
and the machine is constrained in accordance with the 
requirements of the equation. Itis only necessary to set 
the units for the initial conditions, such as the value of 


k , and switching angle 0, before proceeding with a 


Px 

? Pp 
solution. Rotating the time shaft sets all the shafts in 
motion and, provided the pointers are kept on the plots 
on tables T, and T:, a solution will be obtained in the 
form of a curve by connecting the required shafts to 
the answer table 73. As connected in Fig. 11, the curve 


is a plot of angle against time during the period of. 


synchronization. 

The scales and directions of rotation are readily 
handled by inserting gear trains at the various coupling 
points of the machine. 

It is probably worth while mentioning that, for the 
major part of the work, it is unnecessary to cause the 
machine to trace out a curve for the solution. As the 
investigation was mainly concerned with the question of 
whether the machine would synchronize on the first 
swing, the operator controlling the ordinate shaft on 
table T. could always tell by watching the motion of the 
pointer whether the machine would synchronize or not. 
For a critical solution the motor reaches synchronous 
speed with zero acceleration and with the angle between 
the rotor and stator fields just sufficient to develop the 
load torque, with the machine operating in the unstable 
region of the power-angle curve. If the operator ob- 
serves the angle increase beyond the critical angle he 
knows that the motor will not synchronize on that 
swing. If he observes the angle reach a maximum value 
and then commence to decrease, he knows that the 
machine will synchronize after a few oscillations about 
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the ultimate steady-state angle in the stable region of 
the power-angle curve, and the solution need not be 
continued beyond that point. By this means the time 
required for a solution having a given set of initial con- 
ditions was about three to five minutes. 
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Discussion 


I. A. Terry: This paper presents a further step in the analysis 
of the phenomena associated with the pulling-into-step of a 
synchronous machine. Two years ago, Messrs. Edgerton and 
Fourmarier gave the results of integraph solutions of the same 
problem based upon simplifying assumptions. One of the most 
important of these assumptions as affects the performance was 


‘that the field time constant was zero. This implied the immediate 


presence of full flux in the air gap at the instant the field switch 
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was closed. The previous paper developed a criterion for the 
slip from which a synchronous motor always could pull into step. 
Test data presented in a discussion by Mr. D. W. McLenegan 
and the writer? showed that this relation between slip and the 
various machine quantities gave such a value that the machine 
always could pull into step. The data suggested some pessimism 
in the formula for the pulling-into-step characteristics indicating 
that under certain conditions other factors not considered in the 
analysis acted beneficially. Recognizing the fact that the as- 
sumptions of the previous paper may not represent the facts, 
Mr. Edgerton and his associates have obtained an analysis of 
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great merit and one which will be of considerable value to the 
electrical industry as a whole. The practical value of such solu- 
tions is evident when one considers the great variety of syn- 
chronous motor drives that are required to pull into step under 
load. 

One of the important features of the present paper is showing 
the benefits that should be obtainable by properly timing the 
application of field current to the synchronous motor. Fig. 7 
of the paper indicates the per cent gain that may be obtained 
by such timing as a function of machine quantities. Test data 
available on two synchronous motors indicate that considerably 
more benefit is derived from proper timing for large values of the 


1 
relative time constant ey as is suggested by the authors. 
a 


One motor is rated 225 hp unity power factor, 450 rpm, 60 
eyeles and drives a pump. The motor and connected equipment 
have a total WR? of 4,350 lb-ft?. The steady pull out torque is 
160 per cent of normal. The short-circuit time constant with 
the armature short-circuited approximately is 0.25 second. The 
torque-speed curve is shown in Fig. 1 and the machine is required 
to pull into step against such a load that at full speed it will be 
normal. Using the nomenclature of the paper k = 0.082 and 


Panic 30.9. In making these calculations, Pq was based upon 
a 


115 per cent torque at 95 per cent speed. Fig. 7 of the paper 
indicates practically no gain should be expected from timing the 
application of field current. Test data indicated that the ma- 
chine could pull into step approximately 15 per cent greater load 
by properly timing the application of field. 

The other motor is rated 125 hp unity power factor, 514 rpm, 
60 cycles and also drives a pump. This machine and its con- 
nected apparatus have a WR? of 1,790 lb-ft?. The steady-state 
pull out torque is approximately 150 per cent of normal. The 
short-circuit time constant of the field winding is approximately 
0.2 second. The speed torque curve is shown in Fig. 2 and the 
motor is required to pull into step with a load similar to that of 


2. A.I.E.E. Trans., June 1931, p. 778. 
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1 
the first machine. For this motor, k = 0.093 a = 24.2. From 
a 


Fig. 7 of the paper one would expect to obtain practically no 
increase in pulling-into-step characteristics by timing the field 
application. Test data indicated the motor always could pull 
approximately 20 per cent greater load into step by properly 
timing the application of field than could always be synchronized 
with random field application. 

It is believed that the principal source of difference between 
calculated and test results is the assumption made by the authors 
that the torque slip curve is a straight line throughout the range 
of slip during the synchronizing. Actually, this is not a straight 
line as is evident from Figs. 1 and 2. The authors have stated 
that due to an unfavorable switching condition, the slip during 
the transient may be from 60 to 200 per cent greater than the 
initial steady-state induction-motor value. Since these values 
are based upon straight line characteristics, the effect of a droop- 
ing characteristic such that twice slip does not represent twice 
torque appears to increase the slip during the transient to 300 
per cent or even 400 per cent greater than the initial value under 
extremely unfavorable conditions. Therefore in subsequent 
swings the machine must accelerate from a much greater value 
of slip and so the amount of load that may be pulled into step 
under most favorable conditions may in practise appreciably 
exceed the value calculated on the basis of a straight torque- 
speed characteristic. 

The comments of the authors on the above reasoning would 
greatly be appreciated. 

H. E. Edgerton, G. S. Brown, K. Germeshausen, and 
R. Hamilton: Mr. Terry’s discussion is valuable because it brings 
out some of the difficulties that are encountered when the results of 
the paper are applied to practical problems. At the outset of this 
investigation it was necessary for us to decide upon the number of 
variables and factors which influenced the pulling into step of 
synchronous motors. Then we had to eliminate some of them so 
that a reasonable number of solutions would cover all possible 
combinations of the remaining factors. For instance, we assumed 
that the slip-torque eurve of the induction-motor effect was a 
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linear relationship simply because of the added ramifications if an 
attempt is made to introduce the true characteristic. Mr. Terry’s 
curves indicate that this characteristic differs considerably among 
different machines and as he shows, accounts for a considerable 
portion of the diserepaney between test and theory. 

It is important to point out, however, that a valuable caleu- 
lation is possible even with practical slip-torque characteristics as 
in the motors given by Mr. Terry. This calculation gives the 
maximum amount of load that may be pulled into step for favor- 
able switching conditions. The slip for this case never has an 
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opportunity to exceed appreciably its initial value which is either 
on or close to the linear part of the slip-torque curve. When mak- 
ing this calculation it is advisable to determine Pg from the slope 
of a line drawn through the origin of the slip-torque curve and the 
point corresponding to the initial slip. The results obtained from 


=] 


Fig. 5 then will be conservative, since any non-linearity to the 
slip-torque curve gives an excess of torque tending to pull the 
motor into step. From similar reasoning the results obtained from 
Fig. 7 also will be conservative because for unfavorable switching 
angles there is considerably less torque available whenever the 
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slip exceeds its initial slip by such large values as it does when 
swinging through the region of generator action. 

No difficulties are encountered when using the differential 
analyzer to solve the pulling-into-step problem taking the actual 
slip-torque relationship into account. A general solution for all 
sizes of machines seems quite out of the question however because 
of the large number of variables. 

A factor that has not been stressed sufficiently perhaps is that 
allowance should be made for any variation in the slip-torque 
characteristic due to changes in the rotor circuits when the field 
switch is closed. 

The motion pictures of the pulling-into-step phenomena that 
were shown at the winter convention were taken with stroboscopie¢ 
light from a mereury are tube. A disk, rigidly attached to the 
shaft of the synchronous motor, had an engraved scale around its 
outer rim. Stroboscopie light produced from the cireuit* of Fig. 3 
was used to illuminate the disk. This light flashes for a few micro- 
seconds each cycle in phase with the terminal voltage and when 
shone upon the disk permits the observation of the power angle, 
0. About 200 watts input to the stroboscope circuit are sufficient 
to produce adequate illumination to take moving pictures such 
as were shown. The camera was driven by a small synchronous 
motor exactly at 30 frames per second and the shutter was syn- 
chronized so that a picture was taken every other cycle. 


3. The operation of the stroboscope circuit is explained in the Review of 
Scientific Instruments, October 1932, p. 535. 


Two-Reaction Theory of Synchronous 
Machines—II 


BY R. H. PAIS 


Associate, A.I.E.E. 


Synopsis.—The analysis presented in a previous paper is ex- 
tended to include a consideration of synchronizing and damping 
torque during continuous and transient oscillations, the description 
of an equivalent circuit which has been found useful in calculating 


the decrement of the short circuit current of interconnected machines, 
and the derivation of simple approximate formulas for the roots of 
the equation determining the wave shape of the current on three-phase 
short circuit. 


HIS paper is a continuation of a paper presented in 
February 1929, and the presentation presupposes 
a foreknowledge of the material in that paper. 


A. SYNCHRONIZING AND DAMPING TORQUE OF A SYN- 
CHRONOUS MACHINE CONNECTED TO AN INFINITE 
Bus, FOR SMALL OSCILLATIONS OF FIXED 
FREQUENCY AND AMPLITUDE 


Equation (64) of part I, and the equation following 
it, define an operational function f(p), such that the 
electrical torque on the rotor, for small oscillations, is 
given by the expression 


AT =f(p)-A6 (1) 
where 
[Wao tt aor o(p)][(e sin do-+Waop)Za(p) 
+ (€ cos 60 + Paop) La(p)] 
[Wao +r %qoXa(p) ] [(e cos 60 =F VaoP) Zq(p) 
— (esin 69 + Pap) X4(p)] 
Let 
s = per unit frequency of oscillation 
= (1/f) (oscillations per second) 
where 


f = normal frequency. 


Then introducing a system of vectors rotating at s 
per unit angular velocity, there is p = js, and 


AT = f(js) 45 (3) 


But if 7, and JT, are the synchronizing and damping 
coefficients there is also 


AT = (T. + Tap) A6 = (T, + jsT a) A6 
from which it follows that 
T, =realpartoff(js) . 
sT 4 = imaginary part of f(js) (4) 


This formula for T, is to be compared with that 
previously obtained by Nickle and Pierce.2 C. A. 
Keener} has computed values of 72 by both formulas 


*Caleo Chemical Co., Bound Brook, N. J. 

1. For numbered references see Bibliography. 

{University of Ilinois, Urbana, Il. 

Presented at the Winter Convention of the A.I.E.E., New York, 
N.Y., January 23-27, 1933. 


for a large variety of operating conditions, and finds 
that the computed values agree for the most part, 
although in some cases the differences between them 
are not insignificant. S. Loukomsky{ determined a 
value of 7, experimentally by means of tests on a 15 
hp motor. The result obtained in this test was found 
to differ from the value computed by formula (4) by 
about 16 per cent, which may be regarded as a satis- 
factory check considering the difficulties involved in 
the test, and the fact that in the computations no ac- 
count was taken of any closed rotor circuit other than 
the field. 


B. DAMPING TORQUE DURING DISTURBANCES 


Messrs. Crary and Waring? have presented an analysis 
of the behavior of synchronous machines which shows 
clearly the nature of the phenomena which take place 
during disturbances. A method of calculation is also 
given, based essentially on the numerical evaluation of 
“Duhamel” integrals. This method of. calculation is 
straightforward and, subject to the fact that armature 
circuit resistance is neglected, theoretically susceptible 
of unlimited accuracy. Practically, however, it is be- 
lieved that it should involve some inaccuracies, and 
especially if the time constants of quantities under the 
integral should approach or become less than the time 
interval used in the step-by-step process. 


In view of these considerations the writer believes 
that ordinarily it will be preferable to employ the usual 
method of calculation in which field phenomena and 
synchronizing torque are calculated as though the field 
were the only circuit on the rotor, and the effect of cur- 
rents induced in the amortisseur or other ‘‘additional”’ 
circuits is regarded simply as that of producing a damp- 
ing torque which may be expressed in the form 


damping torque = Tap 6 (5) 


It can be shown that when this method of calculation 
is employed 7 should represent the damping torque 
coefficient for small oscillations about the angle 6 which 
would obtain if the field winding had no resistance. 

Thus when armature resistance is neglected the 
torque which depends on motion is of the general form 
given in equation (49) of part I, 7.e., 


tGeneral Electric Co., Lynn, Mass. 
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4 ta La(p) La’ — La" 
e? sin 6 Westin) © (cos 6) — cos 6) e?'sin 6 - 7 Can Se ~@dn@—4) sin 6 (u) 6’ (wu) du 
2 20D) . . Wand t—u) 
+ e cos a oat (sin 6 — sin 6) (6) +e? cos ieee 2, Di hep eS “qn —eos 6 (uw) 6’ (uw) du 


Introduce 


ta'(p) = £a(p) with infinite amortisseur and _ field 
collar resistance. 


La" (p) = XLa(p) with zero field resistance. 
But, as a matter of algebra, 


La (p) — Lalp) 
La(p)Xa’ (p) 


La— La(p) 
Lak a(p) 


_ ta — La‘ (p) 
Lata’ (p) 


(7) 


Hence it follows that the direct axis component of 
torque in equation (6) may be resolved into two sub- 
components, 


ta’ (DP) 


2 he 
e? sin Pert) 


(cos 69 — cos 6) 


and 


La (p) — Za(p) 


wa! (Dytal) Pe Sn MERE! 


e? sin 6 (cos 69 — 
But the first of these components is precisely that which 
would be computed in the step-by-step method if the 
amortisseurs and field collars were disregarded. 

Also, since the amortisseur time constants are small 

-with respect to the time constant of the field it follows 
that the difference between the short-circuit current at 
no-load and the short-circuit current which would obtain 
if the amortisseur and field collars were of infinite 
resistance will be very nearly the same whether the field 
winding has its actual resistance, or whether it has zero 
resistance, and consequently, that, 


sae bi ll ALT RAL od a 
CED eglan Mia D) nme La (P< chat 
or that 
a (DP) — tal) Pare A) 
xa'(p)ta(p)  ~—-a'&a" (D) (10) 


Consequently it follows that the torque due to motion 
may be computed by adding to the torque computed by 
the step-by-step method considering the field alone, a 
torque equal to 


ta’ 12> La" (p) 


e? sin 6 eae (cos 69 — cos 6) 
UDG Ye foe Bedi ly rey aha gi 
ee) 


By the superposition Oe theorem this 
torque is equal to, 


(12) 
where the summations are extended over the roots of 
ta" (o)e= 0, and x(p) = 0. 


If 6’(t) = change in speed is small, in particular if 6 
is not changing rapidly relative to the rate of decay of 
the decrements ¢~“¢n' and ¢€~“2"', as is usually the case, 
the terms sin 6 (w) 6’ (w) and cos 6 (w) 6’ (uw) may be 
taken outside the sign of integration, and consequently 
the extra torque above that accounted for by the field 
alone may be expressed as, 


T.8' (t) = Taps (13) 


ti’ = Ba" > Qan 
ope Qan 
" 
Lq— Xq Gon 
ee (14) 
av gd 


qn 


where, 


T, = e[ sin’ 6 


+ cos? 6 


It will be evident from equation (54) of part I, that 
this result is substantially equivalent to computing Tz 
on the basis of zero field resistance, provided that 6’ (t) 
is small relative to the decrement factors, as has been 
assumed. 

The foregoing analysis has not considered the effects 
of armature resistance. It is reasonable to suppose, 
however, that the result arrived at would be found to 
hold true generally, if a more elaborate analysis in- 
cluding the effects of resistance were carried out. 


' C, APPROXIMATE FORMULA FOR THE ROOTS OF THE 


EQUATION d(p) = 0 


Formula (32) of part I gives an expression for three- 
phase short-circuit current in terms of the roots of the 
cubic 


d(p) = La'qT op? + [a’rTo + (a + 17To) &,) DP? 
+ [r(@ategtrT) + 24¢4Filptrt+ rat, 
=%q'XqT'o(p— a1) (p— Qa— Ay) (P— a+ as) =0 (15) 
It was pointed out in part I that a very good ap- 
proximation to one of the roots, 7.e., the root @., could 
be obtained in practical cases by assuming T)= ~. This 
suggests the possibility of determining the roots a; and 


a, in an equally simple manner. We shall find that 
this can be done as follows: 


Assume 7) infinite. This yields 


tay + XLq r? + Sik 
Das eae ene f ——— 
pas Via Xo Oe ta Le 


2 Ap 1 ae sp (16) 
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Equating like terms yields, first 


Lae = Xa 
= — —— 17 
Qa 2 he ( ) 
the result previously found in part I, and second 

eae eb aly + %q'Xq : 

an u) Xa "Wa Qa 
‘| je Cee ) (18) 

rel ne ta'ty 


If we substitute these values in (16), expand, and then 
equate like terms, three expressions for a; are obtained. 
Two of these are found to be unsatisfactory, while 
the third 


=r“ Gabe) / (1 + Fate) Lo (19) 


is found to coincide with the result previously given by 
Doherty and Nickle.* A detailed check against the 
exact solution of the cubic shows that equations (18) 


Ki nie 


Fie. 1 


and (19) as well as (17) may be relied on to give a very 
close approximation to the true roots of the cubic, in the 
case of machines of normal design. 


D. AN EQUIVALENT CIRCUIT FOR COMPUTING SHORT- 
CIRCUIT CURRENT 


A simple circuit for computing the no-load short-cir- 
cuit current in interconnected networks, first used by 
the writer in 1927, is believed to be worth recording. 

The circuit is the same as the usual circuit of the d-c 
calculating table, in which reactances are represented 
by resistances, except that the machine reactances are 
represented by the circuit of Fig. 1. 

It may be seen that this circuit fulfills the relations 


af La’ Top + Xa 


Top +1 : (19) 


= G(p)E — xa(p)i (20) 


and therefore correctly represents the machine at no- 
load, 7.e., when » = Wa,? = 1a. 

The advantage derived from the use of this circuit is 
that it not only gives the initial value of the currents, 
but also their decrements, regardless of the number of 
interconnected machines. Also it is adapted to the 
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calculation of the effects of quick response excitation. 
The circuit may also be extended so as to give sub- 
transient as well as transient decrements by shunting 
part of the resistance x,’ by another capacitor. 

While the circuit is principally useful on account of 
the assistance which it renders in analytical analysis, 
it may, with the aid of an oscillograph, be used for the 
prediction of decrements by experimental methods. 

A somewhat similar circuit may be employed for 
computing the decrements of the d-c component. In 
this circuit the reactances are represented as resistances 
as in calculating the a-c component, except that the 
machines are represented merely by simple resistances 
equal in magnitude to the machine negative phase 
sequence reactance. Armature circuit resistances, of 
course, must be included, and are represented by ca- 
pacitors of magnitude equal to the reciprocal of the 
resistances which they represent. 
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Discussion 


S. B. Crary: The method presented in the paper for the 
determination of the component of torque due to the motion of 
the rotor by separating this component into two others, is a 
definite improvement. This method of approach not only 
removes the difficulties of computing the component of torque 
due to the terms having small time constants, as pointed out in 
the paper, but also allows for the more ready evaluation of 
changes in the individual circuits as may be affected by design 
or by changes in the external field circuit. 

Gabriel Kron: In this and in his other publications Park 
definitely abandons a method of attack which has been followed 
by practically all writers on analysis from the first days rotating 
machines were built and strikes out along a new road with sur- 
prising success. He disregards the voltages due to leakage fluxes, 
common fluxes and introduces only voltages due to resultant flux 
linkages. With their aid he sets up a simple vector equation for 
the armature 

€ = ir + py + ip) 98 (1) 
(in part I, below Fig. 3') which, divided into its sealar com- 
ponents, (equations (8) and (9)) forms the foundation for all 
transient and steady state performance calculations giving in 
an easy manner rigorous solutions for otherwise difficult problems. 

If it is assumed that the field is stationary and the armature 
is rotating, a simple physical interpretation can be given to 
equation (1) and with this interpretation the equation applies 
not only for salient-pole synehronous machines but for the rotor 
of all other asymmetrical machines (induction or commutator 
machines). Let the current-density wave i and the flux-linkage 
wave y in the rotor be assumed distributed sinusoidally in space 
at all instants. Then, due to the instantaneous velocity pO of 


1. A.I.E.E, Trans., July 1929, p. 718. 
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the rotor, a voltage wave Gy) p@ is generated in the rotor by 
the rotation of the conductors through the resultant flux-density 
wave iv located at right angles in space to y- This generated- 
voltage wave is in space phase with the flux-density wave iv 
and is at right angles in space to the induced-voltage wave Py- 

With this changed point of view equations (6)—(16) of part I! 
can be interpreted as a transformation of the coordinate axes 
from the moving terminals to the stationary polar and interpolar 
space for the purpose of eliminating the troublesome cos @ term. 
With this coordinate transformation Park succeeded in making 
the sudden short-circuit problems of synchronous machines (and 
thereby of all other rotating machines), with constant speed 
maintained, identical with those of stationary networks, enabling 
one to use immediately the expansion theorem without any pre- 
liminary operational transformation such as used by Lyon or Ku. 


When a sudden speed variation occurs then equations (61) 
show that an additional transient emf — (jy) Ap@ appears in 
the rotor of synchronous machines (and of any other machine) 
along the resultant flux-density wave that existed before the 
ehange. Since the magnitude of the difference of potential 
across the slip rings is assumed to remain constant the variation 
of the speed of the slip rings appears as an additional terminal- 
voltage wave Ae at right angles in space to e (equations (62)) 
so that the additional transient phenomenon is described as 


Ae — Gy) Ap@ = Air + pAy + A Gy) pf (2) 


showing that the effect of a sudden speed variation (and that of 
steady hunting) is the same as if no additional speed variation 
had occurred but two additional emf’s had been impressed on the 
rotor, one along Gi) due to the variation of rotor speed and the 
other at right angles to e due to the variation of slip ring speed. 
In machines where no slip rings exist Ae appears only if an actual 
variation of the terminal voltage occurs. During steady hunting 
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these two emf’s are at right angles in. time since Gp) ApO is a 
maximum when the velocity is a maximum and the displacement 
is zero, while Ae is a maximum when the displacement is a 
maximum, 

The equations used by Nickle and Pierce (and also by Wagner) 
are equivalent to 


Ae = Air + A (jp) pO (3) 

Doherty and Nickle assumed zero armature resistance and set 
up equations equivalent to 

= A (jy) pf (4) 

It is interesting that with zero armature resistance the above 
equation (2), as given by Park reduces also to this same equation 
(4) since then pay cancels — (ip) Ap@ (both being at right 
angles in space from Ae). Hence the two results are identical 
and the deviations between the results of equations (2) and (3) 
are not considerable. 

There is one point, however, where Park could have improved 
his treatment, and that is by abandoning per-unit quantities in 
analytical work. Just as the concept of leakage flux is indis- 
pensable in design work but is a hindrance in analytical work, 
similarly the per-unit quantities are a handicap in visualizing 
the phenomena in the field structure by throwing the equations 
out of symmetry. His field equations could have been written 
(even with additional field circuits) as 


e=ir+ py (5) 
which is identical with equation (1) above except p? =0. In 
fact, in this case equations (1) and (5) could have been combined 
into one vector equation 

e = ir + py + (ipr) vO (6) 


where yr represents the flux-linkage wave of the rotor and y 
that of both stator and rotor. 


Calculation of Single-Phase Series Motor Control 
Characteristics 


BYsr G MOORE* 


Non-member 


Synopsis.—This paper describes a simple method of plotting 
acceleration curves by resolving the reactance and resistance of the 
transformer, reactive coil, and wiring into a single effective reactance 
and effective resistance for each open-circuit transformer secondary 
voltage. By the use of these factors and the motor characteristics sim- 


HE calculation of the characteristics of a-c equip- 
ments as applied to locomotives and cars presents 
difficulties not found when dealing with d-c equip- 

ments, due to the additional variables involved. 
Characteristics of the motors usually are presented on 
the basis of constant voltages at the motor terminals, 
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as illustrated in Fig. 1. However, the motors operate 
in service from an assumed constant-voltage power 
source with a certain amount of impedance such as 
transformer, preventive coil, and busbar or cable re- 
sistance and reactance in series with the motors. Not 
only does the vector relation of the impedance drop to 
the motor voltage vary with motor power factor, but 
the impedance itself varies depending upon the com- 
bination of contactors and transformer taps being used. 
~ *General Electric Company, Erie, Pa. 
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and 


C. J. AXTELL* 


Member, A.I.E.E. 


ple calculations can be made to determine with any given motor 
voltage and load the required open-circuit voltage of the transformer. 
Any errors introduced by the use of the approximate values of 
effective reactance and resistance are of very minor value and do not 
appreciably affect the final results. 


In order to avoid trial and error methods formerly 
used, wherein the various factors were estimated and 
then adjusted until all conditions were satisfied, the 
method described here provides the desired results with 
a minimum of calculation and curve plotting consistent 
with accuracy. Certain assumptions are made which, 
however, are necessary for any method of calculation 
with which the writers are familiar. 

The most important of these assumptions is that re- 
garding transformer impedance. It is assumed that the 
transformer equivalent reactance and resistance for any 
tap on the secondary (expressed in ohms) vary as some 
function of open-circuit secondary voltage V;. The first 
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Fie. 2—Typricat Curvses oF Circuit AND TRANSFORMER 
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step in the calculation of the characteristics of the com- 
plete equipment therefore is the preparation of such 
curves of resistance and reactance vs. secondary open- 
circuit voltage, (V;). In the absence of more accurate 
data the reactance and resistance at rated secondary 
voltage may be taken as a basis, then assume (a) that 
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the equivalent reactance in ohms varies as the square of 
V., (0) that the equivalent ohmic resistance of the 
primary and secondary are equal at rated voltage, (c) 
that the equivalent resistance of the primary varies as 
the square of V;, and (d) that the resistance of the 
secondary is directly proportional to V,. It is recog- 


IX sin e- 


Fie. 3—Vector Diagram ILLusTRATING Exacr AND 
APPROXIMATE CALCULATION OF V; 


nized that due to the manner of connecting the secon- 
dary taps the reactance and resistance will vary slightly 
from the simple relation assumed above. However, the 
existence of an infinite number of taps having uniformly 
varying characteristics is an essential premise. 

For convenience in calculating, it is advisable to 
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combine all other reactances and resistances, such as 
that of the preventive coils, busbars, etc., with that 
of the transformer, giving curves of total reactance, X, 
and total resistance, R, as in Fig. 2. 

The reactance and resistance of the preventive coil 
can be considered for the purposes of this calculation 
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to be constant since the load currents through the two 
legs of the coil are balanced. The reactance and re- 
sistance of the car or locomotive wiring can also be 
treated as having a constant value as the variations due 
to change of connections are insignificant in comparison 
with the other factors in the calculations. These values 
for wiring may be determined from tests or estimated 
from knowledge of the characteristics of previous 
installations. 

When multiple circuits are involved, it is, of course, 
necessary that all factors be reduced to a common basis. 
That is, if calculations are to be made on the basis of 
amperes per circuit, resistances and reactances must be 
expressed as ohms per circuit. 

From data taken from Figs. 1 and 2, a series of calcu- 
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lations may be made whereby values of V; are found 
which will satisfy selected conditions of motor current 
and voltage. The load power factor and the speed are 
themselves determined by the motor characteristics. 
Any change in motor characteristics, as might be due 
to change in field strength or interpole-field shunting, 
will therefore require a separate series of calculations 
and will provide a different equipment characteristic 
for each set of motor characteristics. 

The actual calculation involves one step of pre- 
sumably trial and error method. Referring to Fig. 3, 
the numerical value of V; may be calculated by the 
equation 


Vi = V@Vcos6 + IR? + @Vsin#+IX), (1) 


So 
305 


where 
V, = transformer secondary open-circuit voltage 
V = motor voltage (here 2 motors are assumed in 
series, hence 2 V) 


Cos 6 = power factor 
I = current per motor 
R_ = total series resistance in ohms (transformer, 
coils, wiring, etc.) 
X = total series reactance in ohms (transformer, 


coils, wiring, etc.) 

It will be noted that values of R and X are to be used 
in the calculation corresponding to the value of V; to 
be calculated. It, is necessary therefore, that V;, first 
be estimated and corresponding values of R and X used 
in the calculation. After the first value of V; has been 
calculated, however, the value V; for other conditions 
of motor current or voltage can closely be estimated 
prior to actual calculation. Further, a small error in 
the estimate of V; does not introduce an appreciable 
error in the calculated value. 

The calculation of V; can greatly be simplified by 
using the equation: 


V,(approx.) =2V+JReos#+IXsin@ (2) 


The theoretical error introduced by the use of this 
equation rather than equation (1) will be small be- 
cause (a) the numerical values of IR and LX are small 
as compared to 2 V, and (b) the phase angle between 
motor voltage 2 V and the resultant of JR and IX is 
not great. In a set of actual figures run on a calcu- 
lating machine in accordance with equation (1) and 
equation (2), it was found that the difference by using 
the simpler formula gave a maximum error of less than 
0.5 per cent and an average error of 0.13 per cent. 
Actually, for computation by slide rule, equation (2) 
will be found to be more accurate than equation (1) due 
to less handling of relatively large numbers. 

If the selected conditions for which the calculations 
are made are all for a certain motor current, a curve 
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may be drawn showing the variations of speed with 
transformer open-circuit voltage at constant current. 
A family of such curves may be calculated and plotted 
as in Fig. 4. These curves may be used to determine 
what transformer taps are desired and, when such are 
determined, the speed vs. ampere characteristics of the 
equipment (Fig. 5) may be obtained by \cross-plotting 
the curves of Fig. 4. Figs. 4 and 5 may also be used as 
the basis for determining other characteristics such as 
tractive effort vs. speed, speed vs. time, amperes vs. 
time, ete. 


Discussion 


Walter H. Smith: It would be desirable to know how near 
these theoretical calculations can be realized on a motor car or 
locomotive. My experience has been that such calculations 
serve only to tell what is desired but with so many variables to 
be encountered in a completed car or locomotive they can never 
be fully realized. 

Traction type of transformers usually are designed for 15 to 
20 volts per turn and for this discussion we will assume one with 
16 volts per turn. The available voltage will then come in steps 
of 8 which may not suit the family of notching curves. If half 
turns are used it will throw some of the taps on the opposite 
end of the transformer. This may make a complicated cable or 
bus bar layout. Cable layouts on a motor car become a problem 
when cables as large as 1,100,000 cir mils are used. These 
cables have an overall diameter of some 2 in. and are required 
for the latest alternating-current traction motors. 


Next are the contactors for changing voltages to the motors 
for acceleration. Too many notches will require a large number 
of these and their interlocking will become complicated. 

A power circuit arrangement that utilizes a preventive coil 
is illustrated in Fig. 5. These coils tend to offset any theoreti- 
eal curve arrived at. This can be minimized, however, with a 
properly designed coil. 

It has been the writer’s experience that with the motor, the 
control, the transformer and the equipment engineers to satisfy, 
these calculations must be a compromise for the completed car 
or locomotive for the best all round installation. Therefore the 
value of the calculations outlined in this paper is that an ideal 
arrangement can be established when planning such equipment. 


Operation of 3,000-Volt Locomotives 


On the Cleveland Union Terminals Electrification 
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Synopsis.—The operation of the 3,000-volt direct-current passen- 
ger locomotives on the Cleveland Union Terminals electrification 
has been studied after an initial period of service of more than two 
years. Twenty-two locomotives weighing 210 tons each are in 
service, normally handling passenger trains weighing 1,275 tons 
trailing over grades as high as 1.56 per cent. 

During the two years over 1,000,000 miles of operation have 
been recorded, divided between about 410,000 miles per year for 
passenger service and 90,000 miles for switching. These figures 
indicate that the average performance in switching service is about 
two miles per hour, whereas the customary method of accounting 
credits switching locomotives with six miles per hour. 

An analysis of the average time used for inspection and repairs 
shows an availability of 92 per cent. For the same period the 
utilization factor of 54 per cent is observed. The utilization factor 
will doubtless be improved with a resumption of normal traffic. 

Data is given on energy consumption, both in road and in switch- 


and 


failure. 
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ing service, and curves are plotted showing the variation in energy 
consumption with different train weights. The all-day average in 
coach-yard switching is found to be about 85 kwhr per hour per 
locomotive, including auxiliaries, or a net average of about 55 kwhr 
per hour. Interesting records of brush wear, data on replacement 
of hub liners, wear on pantograph strips and condition of com- 
mutator and motor bearings are produced. 

The record of failures for the two-year period of operation shows 
twelve engine delays of three or more minutes. Siz of these were 
classed as electrical failures, giving 170,000 locomotive miles per 
There were no failures due to mechanical causes or hot 
bearings in journals, traction motors or auxiliaries. 

In addition to the energy consumption curves, speed-time-current 
curves for the Twentieth Century Limited, a profile of the line, main 
and auxiliary circuits for the locomotive, and characteristic curves 


are given. 
* * * * * 


HE 3,000-volt direct-current electrification of the 
Cleveland Union Terminals Company has been 
in complete operation since June 29, 1930. The 

facility which attended the rapid transition from steam 
to electric operation with the opening of the new Union 
Station and the unusually successful performance of 
the equipment reflected the careful planning of the 
management. Not only the initial period of operation 
was comparatively trouble-free, but also the two years 
subsequently have witnessed successful performance. 
A few of the inevitable minor difficulties have come up 
and been corrected, but no trouble of fundamental 
importance has been encountered. It is the purpose 
of this paper to review briefly the design and character- 


istics of the locomotives selected for this work, and 


then to deal with the operation of these locomotives 
over the first two-year period of their service. 


PHYSICAL CHARACTERISTICS 


Fig. 1 shows the profile of the electrified line from 
Collinwood to Linndale, involving about 17 route 
miles and 56 miles of track. New York Central pas- 
senger trains are electrically operated between Collin- 
wood and Linndale, Big Four trains between the Union 
Station and Linndale, and Nickel Plate trains for about 
two miles on each side of the Union Station. Power is 
fed to the 3,000-volt d-c overhead contact line by two 
supervisory controlled substations of 18,000 kw total 
capacity. 

*General Electric Co., Erie, Pa. 

+Cleveland Union Terminals Co., Cleveland, Ohio. 


Presented at the Winter Convention of the A.I.H.E., New York, 
N. Y., January 23-27, 1933. 


LOCOMOTIVES 


The same locomotives are used in both switching 
and road service and hence all 22 units are identical. 
The conditions to be fulfilled by the locomotives very 
definitely fixed their general design. The necessity 
for starting a 1,275 ton train on the 1.56 per cent (1.63 
per cent compensated for curvature) grade demanded 
a driver weight of about 300,000 Ib. Negotiation of a 
262-ft curve with train attached, called for a flexible 
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running gear. The schedule requirements were covered 
by a typical run with a 1,275-ton train calling for a 
running time between Collinwood and Linndale, 
exclusive of stops, of 33 minutes westward and 30 
minutes eastward. These requirements plus wheel- 
loading limitations and high-speed operation resulted 
in the design covered by Table I being adopted. The 
main and auxiliary circuits are shown in Fig. 2 and the 
characteristics of the locomotive are given in Fig. 3 
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360 CRATON AND PINKERTON: 
TABLE I—LOCOMOTIVE DATA 

Weights Pounds 
Total working Order seas Te ee Fie aisle wee wae ain sic eee 419,000 
OD GLIVOIS , « ofie'ae ato ect dele te eee ian ar ore fo te alt os aaa a ae 312,000 
Por driving Axlo—a verdes cscs wiele cs aisles in victanis sa se een 52,000 
GAUGING os Se os choke ae Te ee ic egihe aaa eS sw eua + aye 107,000 
Per SUIGINE AXIO — AWA Nacho as se eee oho ce ein ase w abe kya se lane, fe)» slit 26,750 
Total Hen tae a wee eee tare eae es aie eainve es aie wise a sie are ales 410,000 
Gaby DatiOrat ane TOA CpaMen ta soe sells vig oy cae wis v.40 aleve © 2 265,780 
Traction motors (including gearing) .....................+-- 72,880 
CHER GE OG LTA CIS Saeco evn eee ee oa or rela Soe) a Wino allandhn atin vey APS 71,340 

Traction Motors 
VOM EI SOI, BUDE ss cele e Sie ate aaa fists Shee albus ayaa ends oie 6 GE-278-C 
HALO “VOLGAR OU \ ce. cies aisca alate ete = cocttta chee et ale since aie tend s 1,500 /3,000 


Twin gear—cushion type 
74/27 = 2.741 
Forced 


Method of drive 


Locomotive Ratings—3,000 Volis 


One Hour—Blown Continuous—Blown 


Full field Full field Rd. field 
120° C rise by res. (FS-1) (FS-1) (FS-3) 
Tractive effort—lb........... 30,600). .oeeer as 25,500 » cicw ails 19,200 
Coef. adhesion—%........... Uo a ee 8.18 6.15 
Bpedd—ADMN. «a Se ek Cs ee od estas ene SBS. s-neor 515 
EPOPSEPOWER  fio-o% aiainweeels cust 3,030.43 .e cscs 2.635)... nackee 2,635 
PAT DONGs sain. ertetste, = cee ae 825.2, fone CLD ssuctacale 720 


Tractive effort at 25% adhesion—78,000 lb 

Maximum speed—70 mph 
INomeneigtnrve., scene ec Joie ss 2-C+O-2 419/312 6 GE-278-C—3.000 volts 
Control....Type PCL (M.U.) 3 speeds full field 6 speeds reduced field 
Current collector 2 pantographs—sliding contact type 
137 ae et ee ere cere er NT Res he RSs ten a 2 ea Ute 
Train heating equipment Automatic oil fired steam boiler 


LOCOMOTIVE OPERATION—ROAD SERVICE 
Operation of electric passenger locomotives over a 
17-mile line must involve use of the short time capacity 
of the electrical equipment if its full utility is to be 
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OPERATION OF 3,000-VOLT LOCOMOTIVES 
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realized. The operation of the Cleveland locomotives 
is based on this fact. Examination of the profile, 
Fig. 1, shows that both eastward and westward runs 
include several heavy grade sections. To handle the 
heavier trains on these portions of the line demands 
tractive efforts greatly in excess of the locomotive 
continuous tractive effort rating. In this respect the 
westbound run is the more severe. 


The train covered by the Terminals Company Specifi- 
cations consisted of 1,275 tons of steel passenger cars 
to be hauled between Collinwood and Linndale, with 
a ten minute stop at the Terminal, both eastbound and 
westbound, a two-minute stop at East Cleveland, both 
eastbound and westbound, and a stop of no duration 
on the three-degree and five-degree curves on Cuyahoga 
Viaduct, westbound only, with ten minute layovers at 
Collinwood and Linndale. Maximum running time 
exclusive of stops was specified as 33 minutes west- 
bound and 30 minutes eastbound with an average line 
voltage of 2,700 and braking at 1.0 mphps. 


In handling the specified train of 1,275 tons, or 
fifteen 85-ton cars, no restriction is placed on the use 
of intermediate (FS-2) or minimum (FS-8) traction 
motor field strength. By limiting the operation to 
intermediate field between Collinwood and the Ter- 
minal, and full field from the Terminal to Linndale, a 
train of nineteen 85-ton cars may be handled on the 
westward run with stops at East Cleveland and the 
Terminal, but omitting the Viaduct stop. 

Fig. 4 gives an idea of train operation through the 
electric zone, being based on speed-current-time data 
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taken on one section of “The 20th Century Limited” 
running westward from Collinwood to Linndale with 
one stop (at the Terminal). The train consisted of one 
electric locomotive hauling thirteen cars averaging 
84.5 tons each, giving a trailing tonnage of 1,100. The 
specific conditions of this run are quite different from 
the contract requirements. 


LOCOMOTIVE OPERATION—SWITCHING SERVICE 


Two locomotives are used in coach yard switching 
and three in regular passenger switching in the Station. 
Part of the coach yard trackage is on the Viaduct grade 
which makes it necessary to have the same weight on 
drivers for the switchers as for the road engines. To 
give added flexibility to the Terminal operation, it was 
thought desirable to have switching locomotives suit- 
able for road service also. Hence all locomotives are 
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Fic. 3—LocomorTivE CHARACTERISTIC CURVES 


identical and therefore available for any class of work 
on the Terminal property. The use of road locomotives 
in switching service has proved entirely practicable. 
The highly flexible running gear helps in this respect. 
Although the guiding truck centering device has high 
initial restraint, this decreases rapidly beyond about 
1%-in. displacement of the bolster, thus keeping the 
guiding wheel flange wear to a minimum, even in the 
switching work where comparatively sharp curves are 
encountered. ‘The locomotive has a three-speed con- 
trol which gives 1/3 voltage per traction motor arma- 
ture in the low-speed running connection. This permits 
switching movements to be made with a minimum of 
rheostatic losses consistent with the use of high-speed 
gearing. 
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OPERATING AND MAINTENANCE DATA 


In the following discussion of the record of these 
locomotives to date, it should be understood that due 
allowance must be made for the limited time in service 
upon which the records are based. Twenty-two loco- 
motives were purchased and went into complete revenue 
operation at the time of the initial changeover. At 
present, (October 12, 1932) three locomotives are in 
storage due to decline in traffic, the remaining nineteen 
being in regular service as heretofore. The Terminals 
Company has kept a very complete service and main- 
tenance record on all locomotives since the beginning 
of operation, and the following data are based on this 
record. 


Mileage. The total mileage for all locomotives for 
the first two years of operation was slightly over 1,000,- 
000. For the year 1931, the following locomotive 
mileages were recorded: 


Passenger revenue miles..........5...+++.++-412,410 
Switching miles in station and coach yard..... 89,428 
Total revenueanilessics) sitions beeen OL oe 
Wrork?tram service miles)ise.; celeste « eee 650 
Total locomotive miles.............+.+...0U2,499 


The switching mileage in the above tabulation is 
actual odometer miles, and is reported as such because 
of accounting requirements of the Terminals Company. 
It is usual practise, however, to report switching mileage 
at 6 mph, which would raise this item from 89,428 to 
262,800 miles. In*other words, the actual switching 
mileage in this case is equivalent to only 2.04 mph. 
Based on 6 mph for switching, the total revenue miles 
is 675,860 or 30,700 revenue miles per locomotive per 
year, as compared with about 22,800 revenue miles 
per locomotive per year based on odometer switching 
miles. The annual unit mileage will increase with an 
upturn in traffic. During the early months of operation 
in 1930, the locomotive mileage was at the rate of about 
30,000 per unit per year, including switching miles as 
measured by odometer. 

Availability. There are no actual availability data 
but a reasonably close estimate can be made. There 
is an average of two locomotives in the shop for regular 
monthly inspection and for repairs. These are actually 
under repair or inspection 48 hours each per week, 
making a total of 96 hours. In addition, each locomo- 
tive in service requires a daily inspection, followed by 
minor repairs, if required, which averages about 114 
hours per locomotive, or 189 hours per week for an 
average of 18 locomotives dispatched each day. This 
makes 96 plus 189, or 285 total actual out-of-service 
hours per week for inspection and maintenance. Based 
on this, the availability is 92 per cent. 
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Utilization Factor. Based on the actual hours for 
which crews were paid, the locomotives were in service 
104,555 hours during the year 1931. Of this total, 
43,800 hours were operated in switching service and 
the remaining 60,755 hours in road service. The total 
locomotive hours for 1931 being 22 x 365 x 24 = 
192,720, the utilization factor was 54.2 per cent. Al- 
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though this is a very good showing, the utilization will 
be markedly improved with more traffic. 

Energy Consumption. The results of energy consump- 
tion tests in road movements between Linndale and 
Collinwood are plotted in Fig. 5. The test trains con- 
sisted of cars averaging 82 tons each. The values 
given are average watthours per trailing ton mile for 
the complete run from Collinwood to Linndale and vice 
versa, with stops at E. Cleveland and the Terminal 
in both eases. Curves are based on maximum schedule 
speed consistent with observance of all speed restrictions. 

A number of observations of energy consumption 
in switching service has been made. It has been found 
that for the two locomotives in the coach-yard switch- 
ing, where the work is almost continuous, the all day 
average is about 85 kwhr per hour per locomotive, 
including auxiliaries. Subtracting auxiliary power 
gives a net all day average of about 55 kwhrperhour to 
the traction motor circuits for this work. In the regular 
train switching in the station, the all day average is 
about 65 kwhr per hour including auxiliaries, three 
locomotives being assigned to this. However, this 
work is of an intermittent nature, which accounts for 
the lower power consumption. The all day average to 
the traction motor circuits in this service is about 40 
kwhr per hour although the maximum hour is compa- 
rable with the coach yard average work. These figures 
compare with 50 to 60 kwhr per hour to the traction 
motor circuits in heavy freight switching as determined 
by tests on the New York Central and the Delaware, 
Lackawanna & Western. 
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Brush Wear. From present available data, traction 
motor brush life will vary between a minimum of 50,000 
miles and a maximum of 100,000. As so many of the 
original brushes are still in service, definite figures 
cannot be given yet. 

Hub Liner Replacement. In 1931, 110 hub liners 
were replaced. About 75 per cent of these were on 
the drivers and 25 per cent on 
the guiding wheels. No mileage 
records have been set up for 
hub liner replacement. 

Pantograph Strip Wear. In 
operating trains in 1931, both 
pantographs were used, making 
a total of eight strips (copper) 
in use simultaneously on each 
locomotive. Average mileage per 
replacement was about 8,000. 

Traction Motor Overhaul. Ow- 
ing to the limited period of 
operation so far, the traction 
motor overhauling schedule has 
not been started. Commutator 
wear is negligible to date. 
Wear of axle and armature 
linings to date has been almost 
negligible. These bearings are 
of the constant oil level type, which maintain an 
approximately constant depth of oil in the waste 
chamber until the supply in the large capacity reservoir 
adjacent to the bearing is used up. 
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Failures. In the first two-year period of operation, 
there were twelve engine failures causing delays of 
three or more minutes. Six of these were classed as 
man failures, due largely to the inexperience of the 
crews in handling the new equipment. The other six 


June 1933 


were classed as electrical failures, giving about 170,000 
locomotive miles per electrical failure. There were no 
failures due to mechanical causes nor were there any 
cases of hot bearings in either journals, traction motors, 
or auxiliaries. 

In the winter of 1931-1932, unforeseen trouble was 
experienced due to unseasonable lightning storms, 
which on four occasions caused minor damage to the 
electrical circuits while the lightning ‘arresters were 
out of service. 

It is proposed to remedy this condition by operating 
arresters (aluminum cell type) throughout the winter 
and provide means for heating them to prevent freezing 
of electrolyte. 
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Discussion 


F. H. Craton: The Cleveland Union Terminals electrification 
went into complete operation on June 29th, 1930. For several 
weeks prior to that date, some of the locomotives were run in 
non-revenue service for the purpose of breaking in crews. During 
the 244 years subsequently, various data on operation have been 
collected. The authors realize that it is still rather early to be 
able to present a comprehensive picture of the Cleveland opera- 
tion for the reasons that the estimated future traffic conditions 
upon which the set-up was based have not as yet been realized 
except for a very brief period in 1930 and also that the mainte- 
nance cycle has not yet had a complete rotation. In addition to 
presenting the available operating data, we have pointed out 
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briefly the general features of the locomotive design and how the 
requirements of the work to be done determined within rather 
close limits the design selected. The latter point is covered be- 
cause there have been occasional inquiries as to why the 
2—C+C — 2 design was adopted in preference to a construc- 
tion using a concentration of power on fewer axles with greater 
weight per axle. 

With the specified train of 1,275 tons trailing, an adhesive 
weight of approximately 150 tons was necessary. This makes 
available about 14 lb per ton tractive effort for acceleration at 
25 per cent adhesion on the viaduct grade, giving a reasonable 
margin for poor rail conditions. To secure this weight and still 
meet track and bridge loading requirements, necessitated a long 
wheel base using at least six driving axles. Because of the sharp 
curves to be negotiated, a flexible running gear was necessary. 
For the speeds specified it was considered necessary to use a four- 
wheel guiding truck at each end of the locomotive. 

While in general the mechanical design of the locomotive 
follows conventional lines, there is one feature that is novel. 
This is the characteristic of the gravity restraint device used for 
centering the guiding truck bolster. This is mentioned very 
briefly in the paper. In order to negotiate the sharp curves, a 
swing bolster is used with a 7 in. swing either way. The bolster 
is centered by rockers and specially shaped pads which rest and 
roll on the rockers. The value of the centering force required 
to act against displacement from a central position is chosen to 
guide the front end of the locomotive on tangent track and 


amounts to about 35 per cent of the load on the bolster. To avoid 


lurching of the locomotive when entering curves at speed, this 
force is increased to 421% per cent at a displacement of 14% in. 
With displacement beyond this value, the centering force de- 
creases to a final value of 7% per cent for a displacement of 7 in. 
In using this type of characteristic, advantage is taken of the fact 
that the amount of guiding action required for a symmetrical 
articulated running gear on sharp curves is much less than 
necessary on straight track because when fully in the curve, 
the articulation guides the two main trucks. The use of this 
characteristic gives desirable tracking qualities, especially by 
elimination of high flange wear on sharp curves. This is of 
particular advantage in the switching service because the 
locomotives assigned to switching are on sharp curves a rela- 
tively large percentage of the time. 

The application of these locomotives to this service is an 


‘example of the use of the overload capacity of this type of equip- 


ment. Although these locomotives have sufficient capacity to 
handle main line, high speed passenger service over a compara- 
tively level profile, their use with 15 to 19 ear trains over the 
Cleveland profile requires the use of their overload capacity to 
an unusual extent. Reference to Fig. 4 will show this even 
though the train under consideration is not up to full tonnage. 
In normal operation, these locomotives develop frequent peaks 
of 6,000 hp at the rail, with extended periods at 4,000 to 5,000 hp. 
While there is no novelty in the locomotives developing these 
outputs, the use of overload operation throughout practically the 
entire ‘‘power on”’ period is not so common. 


Power Supply for Main Line Railway Contact 
Systems 


BY P. A. McGEE* 
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Synopsis.—The general system problem encountered in the 
supply of power for electric traction is dealt with through a study 
of the performance of the principal available systems. The paper 
is confined to the electrical characteristics and consequent capacity 
and spacing requirements. The first part describes the performance 
of systems in electrical terms and requires no assumptions as to the 
magnitude of train loads. Index figures are developed for specifying 
concisely the characteristics considered, and curves are given for 
determining substation loads and catenary rms current and regu- 
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lation. The second part provides a perspective of power system 
requirements with various systems through a general study of 
distribution and transmission based on a number of assumed train 
loads. Fleets of trains of equal size and uniform spacings are made 
the basis for the generalized solution of the distribution and trans- 
mission problems as well as for the study based on specific load con- 
ditions. The essential electrical dimensions of most of the heavy 


traction electrifications of the world are tabulated. 
* * * * * 


INTRODUCTION 


N the first part of the paper the characteristics of 
the systems considered are presented in electrical 
terms. This is the more general specification since 

it precludes the necessity of assumptions by the authors 
as to magnitudes of loads. Any load may be specified 
and the resulting requirements determined from the 
data given. 

This material will be particularly useful in the early 
design stages of new electrifications, where it is neces- 
sary to compare, on the basis of specific traffic con- 
ditions and known locations of reliable power supply, 
the relative merits of the several systems. There are, 
however, numerous cases, such as extensions, changes, 
future growth studies, and the checking of existing 
situations in which the material presented will be of 
use to those connected with present electrifications. 

In the second part the various available systems are 
compared on the basis of several assumed loading con- 
ditions varying from light present day loads to loads 
representative of possible future conditions. The re- 
sults are in terms of kva or kw loads and permissible 
station spacings in miles. This general study and the 
tabulation of data on existing systems provides the 
best perspective, from a railway point of view, of the 
requirements with various systems of electrification. 

Systems Considered. The systems considered are: 


600 volt d-e third rail 
1,500 volt d-c catenary 
3,000 volt d-e catenary 


12-24-36 kv, 25 cycle, three-wire 
24-48-72 kv, 25 eycle, three-wire 
12-66 kv, 25 eycle, two-wire 
12-132 kv, 25 cycle, two-wire 


Fig. 1 shows the two-wire system, the three-wire 
system and the three-wire system with transmission. 
The contact line arrangement considered in the d-c 
system is similar to that in Fig. 1A except in the general 
study where consideration is given to paralleling contact 
lines midway between substations. Although data are 
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not given specifically for the three-wire system with 
transmission, the transmission lines may be treated as 
for a two-wire system and the remainder as a three-wire 
system. 
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Fig. 1—A-C Suprriy Systems 


Loading Conditions. Railway transmission and dis- 
tribution systems are generally laid out to accommodate 
some maximum traffic congestion which may be a 
recorded or assumed normal daily or seasonal occur- 
rence or an abnormal condition caused by traffic disar- 
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rangement. In any case this maximum movement may 
be represented by a fleet consisting of trains dispatched 
at regular intervals at a certain speed for a given length 
of time. The power supply system should be designed 
to give satisfactory operation with a certain amount of 
apparatus out of service. In this paper it has been 
assumed that the system must operate satisfactorily 
with one element out of service, such for example, as 
one transmission circuit. 


ELECTRICAL CHARACTERISTICS OF SUPPLY SYSTEMS 


The distribution system consisting of track substa- 
tions and contact lines may be considered separately 
from the transmission system which carries power from 
the generating or supply points to the track substations. 

In the a-c systems, distribution and transmission are 
not entirely independent. A certain amount of through 
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Train spacing 
Substation spacing 


R= 


It is assumed that the indicated train density lasts in a section for one- 
half hour 


transmission takes place over the trolley-rail circuits, 
and in the three-wire system the trolley conductors are 
common to the transmission (trolley-feeder) and dis- 
tribution (trolley-rail) circuits. However, as will be 
shown later, these factors may be accounted for by 
corrections with reasonable accuracy. With this pro- 
vision, the regulation and heating problems of distri- 
bution and transmission may be considered separately. 


DISTRIBUTION 


Load Data. Typical load data and general information 
regarding train energy consumption, transmission and 
converting efficiencies, together with system load fac- 
tors and substation plant factors as employed in the 
second part of the paper are shown in Table I. 
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TABLE I—LOAD AND SYSTEM DATA 
Terminal Main 
Suburban and tunnel line 


Yearly power consumption in U.S.A. 
Millions of kw-hr per single-track 
mile per year........ 


saufteg suas 0.13-0.6 ...0.5-1.7...0.15-0.65 
Installed substation capacity in 


U.S.A. per single-track mile...... 300-400 kw 400kwavg 120 kw to 
670 kva 
System load factor—U.S.A......... 24%-30% 14%-32% 21%-58% 
Substation plant factor—U.S.A..... 7%-15% 12%-27% 9%-33% 
Average power factors at generating 
stations or supply points, for 
maximum load conditions 
A=@, SY StOMIADY 2) tore cs oso Tn Tt Oo eee Hire, ees 80 %-85 % 
D=cisyvstemsbeavass sneer ke 90%-100% ........... 90 %-100 % 
Average power factor at trolley bus due to | tee eas, ae eh 
train loads as indicated, for maximum load mera rales SED EE secipas eS % 
conditions, A-c systems [ Niiasind &2) ee See 90% 


APPROXIMATE PowrrR CoNnsuMPTION aT SuBSTATION TROLLEY Bus FoR 
Boru D-C anv A-C Sysrmms 


Watt-hours per 


ton-mile 
*Local suburban including car heating and auxiliaries........... 105 
*Express suburban including car heating and auxiliaries........ 70 
Freight, 30 miles per hr on level cd eglocte ehyee one ve 
ACen 5,000 ton trains...... 23 
Sideiida Anes tie ieee ae 10,000 ton trains...... 19 
Passenger, 60 mph incl. train | 1,000—1,500 ton trains 40 
auxiliaries, on level track... . 2,000 ton trains...... 38 
Average. frequency Changer lossesc ek, cel. oo cl oe ee ee rel te 5%-10% 


Average losses in a-c system from frequency changer to trolley 


DOS Mi i cbre cual saie ale wras ee ete ook utara 7% 
Average losses in d-c contact lines.....................-..+. 10% 
IMOSSESTIN"a-C\CONTACHMIN ES He een ets tacos ete. oer ore tn ea tkackesbe fs 1.5-6% 


D-c locomotives approximately 5% more efficient than a-c locomotives 


Load cycle upon which substation converting or trans- 


forming equipment is'tabed'.,. enc. sede caries paet oe LO fe ee 


300% swing 
(5 min. for transformers) 
Generators for a-c systems are either maximum rated or rated on the 
basis of 100 % continuous, 150% for one hour. 


100 % continuous 


Approximate factors by which substation loads calculated on the basis of 
trains drawing average load continuously, must be increased to obtain 
rms effect of accelerating and coasting. 


Local suburban. =. 4)... 2...) 20% 
Express suburban.......... 10% 
Freight and passenger...... 0% 


Average trolley bus voltage under severe regulation conditions. (As- 


sumptions used in general study.) 


=o ak site ss ose ts flat regulated 
12-kv a-c system........... 10,500 volts 
24-kv a-c system........... 21,000 volts 


*Combinations used in suburban trains consist of a four-motor car 
geared for safe speed of 70 mph with trailer. 


Contact Line Currents. With a regular movement of 
trains over a contact section, the rms current flowing 
in the contact system at one end for any interval of 
time is a function of the total amperes per train, sub- 
station spacing, train spacing, train speed, and the 
number of trains in the fleet. Assuming the fleet to 
cover the contact line section for nearly half an hour, 
the one-half hour rms current may be read directly 
from Fig. 2. This chart may be used in several ways. 
If the substation spacing has been fixed by other factors, 
the chart gives the current upon which the contact line 
conductivity must be based. Table II lists the current 
carrying capacity of some typical contact lines. The 
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TABLE II—CONTAOT SYSTEMS 
ee eee oqoooooooooooooo——oooooooooooooooooooaoaoaoNaa[ww,oo=? 


A-c Contact System 


Amperes 
continuous 
current 
capacity 
50° C rise 
Conductivity 
millions Avg. tarnished é 
No. circular-mils conductors 60 
Lan eee Or328) Aeneas 20 este 2S OP Taare 2950s maner 
D vis ude cetenaenee OS SO Tiers diors.c sel oe WOO ste eicreases 2,100" oe tei 
SA vais, tee ened tes ORAS S ii cetes cigicaave stavoie LsOOO' editors eine 3, O7Ome cece 
4 OnAGie secs SO0.c net eee S160 Psa n ee 
Dieyskayete cayenne OR GOSd eres scdclere oct LSS... 5 can ses ee 3430) 2 aaeecens 
6h seen woe OLS tert cteseune crete W120 s Svieteteu eee 352608 cities oa 
ASV CLOISOCRS ice set ce ea ate evel oa na Lie abate 0 ia (ahs farss'Gn dey qusliaeuellene ames 3 OO5,snreiedeee ole 
Maximum departures of one item from average.............-- el Det hten cite 
a= ES icra ree iat 


AVELAGe fOr 70,80 and 90\F, DOW? LAClOR > 255. Sieve vere oy epekas sual erent eee, setae 


Table based on one trolley—two track circuit. 


Ampere-miles to produce 1,200-volt drop at 25 cycles (10% regulation on 12-ky system, 5% on 


24-ky system) 


Power Factors 


70 80 90 100 
Jee DYORD Wet, Sona 3100 AERC h nhs 2 S50 cae ee ees 5,100 
. ot BOOM Ra ae es 2 O204 Seeks GEOR Gn ne Bho wk 5,500 
jee Ss 140 ede Deen S300S eee 3700 eee 6,200 
, 2a SB eis. | Been aes 3,450 aN iy teers Pee 6,650 
BSA ee eee 3730. ener Kee DBO Ne oa 7,650 
SG S80 ee meee 3.6007 eee AI te tee 7,700 
BOAT 7 ae 2°360) Coe eee S74 bie 6,480 
BS Girne CR ae 130.08. ee EEE Oe tit ae & | +18 
lens Gist 213) oo —AStEOE cnn See's —21 
5 aiateieal SEE 3,500 + 20% 


Multiply regulation (or divide amp-mi) by 1.04 for one trolley—one track circuit. 


Multiply by 0.96 for one trolley—four track circuit. 


Multiply regulation by approx. 1.16, 1.32 and 1.48 respectively if one, two or three other trolleys carry the same current. 


D-C Contact Systems Used in General Study 


Conductivity Current capacity ~ Ampere-miles to produce 
Type millions cir mils amperes Voltage class 10% regulation 
OIG Tall aaa tetas eae onions DiS * i dcce tie tere kexeta Pate foe Heating not limit......<.<.-..05-5 2-0". COO Fives oie ee Geritaety. aee 1,150 
A etlal 2 Site Ae Nene etsy BODO crcp nee tr ons eet Piensa 1 B40)... Poles tee eee eee LOO: Saas sme cherie oat ats et oeees 1,730 
iAorial eek act ek Saar enn 1 029):.: fetes tes cueuetete bok aro esstatotelts T3340. Sei ee ana eee ee BiOOOM. cacts ete toe eee 3,460 


Compositions of Catenaries Used Above 


Messenger 
Conductivity 
No, Size inches cir mils Size gage 
J! ORGBZ5 aces, Rete 211,600 sees isetexarn sade yottetsee teem s 
pa Bae niga Coen OSG255 85) oc cis a ysiens 38800 noe. a ee B/O\cietcreee 
Si nti acs CocnBI ee OO 23 scan. oe rine BOs 260 here uit 2-2/0. sowse es 
Area Na tes ae OV SiS ae aa ee eee 300000: sc ati cece eater ern 
5 On50% 0a. ca inc 65; 000) San rra pee DAO sen 
Gre metres 0.888 ; “000,000 Sars SE eerie Sine one 
LY Gate 8.0, Crcittenerk von ete eee an ees 686;000K. ais cate 4/0 A ns 


100 lb rails used throughout 


Aux. messenger 


Contact wire 


Total 
Conductivity Conductivity conductivity 
cir mils Size gage cir mils cir mils 
dial diets lose ar Se oe ert peer aoe Ae /Oisweve «motes e LOA D00)h. carte aur atk 
a ate 211 B00 ios cates na oA /O elo) ds ee sie oO, 500)... atone OOOO 
aTiatagane 266,000 oiore sie oreeraran o4/ Olne re, gp ctsie- aor etigsse kd OF 9005, cee bet OO. 
Pe Ae Dee t. eee EAR rae 4/O). . siginis.ss Setetnue LODO. een. ce ee OO o0U 
Rae ce 423 200 00. 6.c)c.< saa (A /Oit os meters anes OL LOL OOO. ata OOD OO 
sail Suanarg otehaiee Oat Mahatma hI O ic cise 5x3 es oe jel OL LOS OOO s banrela eet, SOLOLOUL, 
Deeds 211,600 .0.35 che on deck tad aeolian oe ees 21OO0 «.crta tee 2o,.000 


19.467 millions cir mils and 0.328 millions cir mils used in Table V for 12-kv and 24-ky trolleys. 


one-half hour rms current should not appreciably ex- 
ceed the continuous capacity of the lines. 


If the spacing of substations is to be determined the 
chart may be used as a basis for drawing curves of 
catenary current vs. substation spacing for any fleet 
dimensions. These would be considered along with the 
several other factors affecting substation spacing. 


Correction for Through-Feed in A-C Systems. In a-c 
systems allowance must be made in the trolley size for 
through-feed, or power fed through a section to the 
sections beyond. In the two-wire system the through- 
feed over the trolley-rail generally is small enough to 
neglect in comparison with the maximum local distri- 
bution currents. The amount may be computed from 
the maximum load beyond the section, the number of 
trolleys, and the distribution of through-feed indicated 
in Table III. 

When the three-winding transformers of the three- 
wire system are designed with low impedance from the 
generator to the trolley-feeder circuit, the distribution 
of through-feed will be very nearly as given in Table 


III. However, the relative proportions of through-feed 
for a considerable distance from the supply point may 
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be altered by a different proportioning of the three- 
winding transformer impedances. In any case, the 
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through-feeds at transmission and at distribution 
voltages when expressed in amperes, added, and di- 
vided among the available trolleys seldom exceed 30 
to 50 per cent of the local distribution currents. 

Contact Line Regulation. Two regulation figures are 
of importance, namely, the maximum regulation to a 
train near the center of a section, and the average regu- 
lation to a train as it progresses through a section from 
one end to the other. The corresponding maximum and 
average ampere-miles are plotted on a unit basis in 
Fig. 3 for uniform train movements. This regulation 
chart, similar to the heating chart described above, may 
be used either to determine the regulations, maximum 
and average, corresponding to an assumed substation 
spacing, train current, speed and spacing, and contact 
system; or to determine the substation spacing limits 
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Rms applies to period while the fleet covers the two sections adjacent to 
a substation. For the additional times required for the first and last 
trains to pass through two sections, the rms is from 0.5 to 1 times the value 
given by the curve. Curve does not apply for fleets less than two sub- 
station spacings in length 


for given fleet dimensions with various assumed contact 
systems. 

Table II lists the number of ampere-miles of contact- 
system current necessary to produce 10 per cent regula- 
tion with the a-c and d-c systems. The regulation will, 
of course, vary in direct proportion to the ampere-miles. 
It will be observed that in the a-c system, conductivity 
variations of from 0.328 to 0.616 million circular mils 
change the ampere-miles required to produce 10 per 
cent regulation by not over 13 per cent from mean 
values for the usual power factors. Thus the mean 
values may be used with a fair degree of accuracy. 
This makes it possible with a-c systems to determine 
substation spacing limits from a regulation standpoint 
independent of the conductor size used. 
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The table further shows that for the power factors 
usually encountered, namely, 70 to 90 per cent, the 
average regulation index varies from the upper and 
lower limits by 20 per cent or less. This index figure of 
regulation on a 25-cycle, 12-kv trolley-rail circuit may 
be stated as 350 trolley ampere-miles + 20 per cent for 
each one per cent of regulation with power factors of 
70 to 90 per cent and conductivities from 0.328 to 
0.616 million circular mils. The average value, 350, 
corresponds to 80 per cent power factor and 0.467 
million circular mils. 

Substation Loads. The chart of Fig. 4 is given for 
determining the rms load at substations due to fleet 
movements of trains on one or more tracks. The sub- 
station loads may be determined separately for each 
track and the results added to obtain the total sub- 
station loads. : This procedure assumes an unfavorable 
stagger of trains on different tracks such as to throw 
simultaneous peaks on the substations. The load re- 
sulting from a favorable stagger of trains may be ob- 
tained by considering two tracks together and using a 
single fleet of twice the density. 

Thus, for example, consider duplicate fleets moving 
in the same direction on two tracks. For two fleets. of 
trains at substation spacings the total load is 2.00. For 
a single fleet of trains at half of substation spacing the 
load is also 2.00. There is no difference due to stagger- 
ing when the trains in a fleet are at substation spacings 
or less. For two fleets of trains at twice substation 
spacings the total load is 1.15 and when combined into 
a single fleet of trains at substation spacings the load 
becomes 1.00, indicating a 15 per cent difference in the 
hour load depending on the stagger. This difference 
will be found to be greater as the train spacing increases. 


TRANSMISSION 


General Considerations. With d-c contact systems the 
transmission lines will normally consist of three-phase 
circuits. As the characteristics of these circuits are 
well known they are not included in this paper and only 
transmission circuits of the a-c systems will be con- 
sidered. 

With all contact systems a large spacing of power 
supply points causes an improved load factor and more 
economical generation with larger units and it is, in 
consequence, generally desirable to feed a maximum 
number of track substations from one source of power. 

Extensive electrifications fed by generating stations 
at intervals present two types of situations which may 
be represented by Figs. 5d and 5e. Fig. 5d represents a 
maximum condition of regulation where the two supply 
points are electrically tied together. Fig. 5e represents 
a maximum condition of regulation with the trans- 
mission system sectionalized so that the supply points 
feed stub end to the midpoint between them. The 
difference in the permissible spacing from the regulating 
standpoint, between the tied through and the sectional- 
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ized transmission systems will depend upon the maxi- 
mum fleet lengths. If these extend the total distance 
between the points of power supply the spacing will be 
the same under both conditions. 

It will be observed that because of symmetry the 
system of Fig. 5d could be cut apart in the center with- 
out altering regulation or heating, with the fleets in the 
positions shown. It would then represent two stub 
ends, each feeding fleets of half the length of the fleets 
shown. From this we conclude that to each stub end 
distance permissible with fleets of given lengths there 
corresponds a permissible generating station spacing 
twice as great with fleets twice as long. 
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Fig. 5—Powrr Diacrams 


The maximum condition of loading on a particular 
source occurs when the fleets are grouped with their 
centers opposite that source. 

Heating of Conductors. The curves of Fig. 6a show 
the amperes and kva per circuit which may be trans- 
mitted with 50 deg C rise in single-phase aerial lines. 
These data together with the number of circuits and the 
proportions of through-feed over the transmission cir- 
cuits given in Table III indicate the total kva which 
may be fed in one direction from a supply point. 

Regulation. In the regulation studies that follow it 
is assumed that the generating, transforming and con- 
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TABLE III—PROPORTION OF THROUGH-FEED IN 
TRANSMISSION CIRCUITS OF A-C RAILWAY NETWORKS 
(Remainder flows over trolley-rail circuit) 


Trolleys Transmission % transmission 

System ky and tracks lines or feeders circuit through-feed 
VIGO arrestee ae with PARIS Rare Eee pas hcockjucheree * 90 

12-66) abet eecrakt tenes Dy ie SoA cM rs Sars LC Dicgaiioun «i dieses el hee 95 

LZ OG ie ke tise weer Bhs aire Cage (Nidees NORE ag 5h 18 CAS Se tea iene 94 

L2-66 5) Meantrie kes acts Aelia tara « te PORES eek Oe 97 

A213 2) een tao BD oisxvcrensistedeners, wit: dM siicumaey ote) Snax oduy ey one 97 

E2-1S 2 ere PE Re ae ie acts est Civitas 99 

T2132 crererdters eee ae OE een he ee 3 Tes the eee ey OLA 98.5 

IQA BZis en quests: is 4 dee erase: as Ae tei «ne ios taper Bache 99 
T2+2A-SG ic aiersis ull tue ee RB SA Bio nee, eet one OF eon pei sted faa 91 
12-24-36 iii arcie wares Se Dr. Hak Mipera aaNet PDA beh es aansie§ 103 

LDA 24S Bind pines nae eye eeadl ae kere ers Sid, Bedi « tyetnareiswers 101 
fae not |) Re ae ED OR At ah Amt mali aut CR ee ee See 100 
24-48-72 (Approximately same as 12-24-36 ky) 


Based on 4-0 transmission conductors and 0.328 million cir mil trolleys. 
Division of power flow is based on line impedance only—influence of 
transformer impedances not considered. 


verting apparatus are fully loaded under maximum 
regulation conditions and it is further assumed that 
generators are over-compounded 5 per cent under these 
conditions. Thus 25 per cent regulation at.the remote 
substation trolley bus corresponds to 30 per cent regu- 
lation from the generator bus to that point. While 
these assumptions form the basis of the regulation index 
figures which follow, the steps are tabulated and the 
figures may be readily corrected to correspond to other © 
assumptions. 


The power diagrams of the two-wire and three-wire 
systems are given in Fig. 5a and b corresponding to’ 
the connection diagrams of Fig. 1A and B respectively. 
For considering regulation to the remote substation 
trolley bus, either of these diagrams may be replaced by 
the simple series circuit with tapped loads shown in 
Fig. 5c. The regulation from a to d may be divided 
into three parts, namely, step-up transformer regula- 
tion a to 6, transmission line regulation 6b to c, and step- 
down transformer regulation from c to d. 


The regulations at full load in transformers of normal 
designs for railway systems are given in Fig. 6b, and 
the line regulations per million kva miles in Fig. 6c 
and d for the two-wire and three-wire systems respec- 
tively. On the basis of these data Table IV has been 
constructed giving the very important index figures, 
of transmission possible with each type of system. The 
number of kva-miles permissible is the best single 
measure of the system’s ability to transmit power with 
satisfactory regulation. For example, a 132-kv circuit 
can supply 3.7 million kva-miles. This may consist of 
37,000 kva over 100 miles, or 18,500 kva over 200 miles, 
or a uniformly distributed load of 740 kva per mile for 
100 miles or any other combination of load and distance 
that totals 3.7 million kva-miles. Kva-miles may be 
converted to permissible generating station spacing by 
placing the fleets in the worst regulation location and 
from the corresponding substation kva loads, calcu- 
lating the cumulative kva-miles along the line from the 
remote substation until the permissible value is reached. 
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TABLE IV—TRANSMISSION POSSIBLE WITH TWO-WIRE AND THREE-WIRE SYSTEMS 
In Millions of Kva-Miles for 25% Regulation at Last Substation Trolley Bus 


June 1933 
Transformer regulation 
Permissible line 
System kv Step up % Step down % regulation % 
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2 track 1 transmission circuit 4 track 3 transmission circuits 


% Regulation per Permissible % Regulation per Permissible 
m-kya-mi m-kva-mi m-kva-mi m-kvya-mi 
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Based on 4/0 copper transmission conductors. 
Trolley conductivity 328,000 circular mils. 


25 % regulation, 5% overcompounding of generator bus, 30% regulation from generator bus to last substation trolley bus. 


80% average power factor at transmission lines. 


Correction for Through-Feed in Trolley-Rail Circuit. 
In the two-wire system the kva-miles computed on the 
basis of 100 per cent transmission over the transmission 
circuit may be corrected by multiplying by the per- 
centages given in Table III. In the three-wire systems 
in which transmission voltage is three times distribution 
voltage, power flow produces nearly the same drop in 
the transmission circuit whether it flows in that circuit 
or in the trolley-rail. Hence, for regulation purposes, it 
may all be assumed to flow in the transmission circuit. 
However, this phenomena is due to a close equality 
between trolley-feeder self-impedance and trolley-rail— 


REGULATION PER CENT 
PER MILLION KVA-MILES 


veloped. The loading conditions cover a sufficient 
range to include the present day traffic on existing elec- 
trifications as well as the heavier traffic which trends 
indicate for the future. 

The study is organized into three parts according to 
the type of traffic, v7z.; suburban motor car trains, main 
line freight trains and main line passenger trains. The 
study for suburban trains is entirely separate and com- 
plete in itself while in the studies of main line freight 
and passenger trains, passing fleets of the two types are 
assumed in determining substation and generating sta- 
tion capacity requirements and permissible generating 
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trolley-feeder mutual-impedance and where this rela- 
tion is not fulfilled a correction can be made. The 
relatively small amount of trolley-rail through-feed in 
a normal arrangement makes this correction generally 
unnecessary. 


Study of Power System Requirements with 
Light, Medium, and Heavy Traffic 


This section comprises a study in which on the basis 
of assumed loading conditions and assumed conductor 
sizes, the substation spacing limits, substation loads, 
and generating station spacings and loads are de- 


station spacings. The results of the study are given in 
Table V supplemented by the station spacing curves of 
Figs. 8 and 9. 

Definition of a Fleet. The fundamental element con- 
sidered is a fleet of similar trains moving on one track. 
A given fleet contains trains of only one type, such as 
freight, or passenger, all moving at the same average 
speed and spaced at regular intervals. 

Substation spacing limits due to regulation and to 
heating of the assumed contact lines are first developed 
for each fleet. Substation loads contributed by indi- 
vidual fleets are given corresponding to the limiting 
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spacing of substations. And finally combinations are 
formed by combining fleets on different tracks. 

Premises. The basic load data used have been tabu- 
lated in Table I, and the contact line sizes and character- 
istics in Table II. The assumptions as to number of 
trains in a fleet, and train size with each class of traffic, 
and the train speeds and spacing assumed, are indicated 
in the first few items of the table describing the study, 
namely, Table V. 
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Rms is for 1-hour period except three-train passenger fleet = one-half hour 
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E—passenger—3-train fleet 
F—express multiple unit—21-train fleet 


Load Curves. Load curves at feeding points of various 
spacings, for each of the fleets considered, are given in 
Fig. 10. They apply to both generating station and sub- 
station loads. These curves are constructed on the 
basis of a division of load inversely as the distance from 
stations. This is the most pessimistic assumption for 
the a-c generating stations since load division between 
stations is controllable in that case. 

From a consideration of these curves in the light of 
the usual load cycles* used for substation converting 
equipment ratings and generator ratings, the one-hour 
load has been found to be the most significant single 
load. (One-half hour for short passenger train fleets.) 
Equipment which provides for this load will stand the 
higher peaks of shorter duration. The one hour loads 
have, therefore, been plotted in Fig. 7 and form the 
basis for the loads given in Table V. 


DISTRIBUTION 


Substation Spacing Limits. Substation spacings may 
be limited by either heating or regulation. In general, 
both limits are given, it being understood that the lower 
of the two values actually represents the permissible 


*Given in Table I. 
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spacing. Spacing limits with d-c system are given in 
Table V for tracks paralleled and in Fig. 8 for tracks not 
paralleled. 


Contact Line Regulation. An average regulation of 10 
per cent has been taken as the limiting value. The 
corresponding spacings listed in Table V are based on 
third rail and catenary sizes, indicated in Table II. As 
shown previously, conductivity variation of the a-c 
trolley within reasonable limits does not effect regula- 
tion materially. In the d-c system regulation varies 
almost directly with contact line conductivity, and the 
return is assumed to be through a pair of 100 lb running 
rails. For the a-c systems the regulation is given on the 
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As limited by 50 deg OC temperature rise of aerial and by average regu 
lation. Figures on heating curves indicate trolley conductivity in millions 
of cir mils. Percentages are average regulations 


basis of a two-track road although the regulation is 
within 4 per cent of that for single or four-track roads. 
Contact Line Heating. The heating limits given in the 
table correspond to the trolley sizes mentioned in Table 
II. In addition the heating limits corresponding to 
smaller a-c trolleys, namely, 0.15 and 0.33 million circu- 
lar mils for 24 kv and 12 kv trolleys respectively are 
plotted in Fig. 8. No allowance is made for through- 
feed current in the case of three-wire systems. This 
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Suburban motorcar trains 


Freight trains 


Class load Light-A Medium-B Heavy-C 
Type service Local Express Local Express Locai Express Class load Light-A Medium-B Heavy-C 
Item No. of trains in fleet 37 21 37 21 37 21 Item No. of trains in fleet 5 Ole 15 10 65 10 
1 No. of cars per train 6 10 14 1 Wt. of train ex. locomotive, tons 2,500 5,000 10,000 
2 Train weights in tons 2 Average speed, mph 30 30 30 
600 v d-c 348 580 812 
1,500 v d-c 378 630 882 3 Train interval, miles 10 10 10 
3,000 v d-c 408 680 952 minutes 20 20 20 
12,000 v a-c 408 680 952 
24,000 v a-c 420 700 980 4 Kwavg pertrain at substa. 2,000 3,500 5,700 
3  Avg.speed mph FESO » Ey Weems aera, SO7EI(G) 37.5 5  Substa. spacing limits? mi. 
Two-track® 600 v d-c® 2.5r 2.4r 1.4r 
4 Traininterval, miles 1.0 2.5 1.0 2.5 1.0 2.5 1,500 v d-c® - 7 .2r. 4.4r 3.0r 
minutes 2.4 4.0 2.4 4.0 2.4 4.0 3,000 v d-c® 21.6r 15.0r 11.3r 
12,000 v a-c 43.5r 34.5r 26.0r 
Ra weve neers ated: 24,000 v a-c — 86r — _ 66r 51. 0r 
sta, 
Pee ua ct sine ent a 
Rec, es eet 1082 hes 600 v d-c 235 247 390 403 592 607 
, vd-c 1,075 1,800 2,520 2 ae 
12.000 v a-c 1,075 1,800 2,520 1,500 v d-c 218 225 365 381 557 580 
24.000 v a-c 1.104 1.840 2.576 3,000 v d-c 194 206 326 337 485 501 
12,000 v a-c 141 190 266 324 485 483 
24,000 v a-c 86 145. 175 275° 310 441 
6 Substa. spacing limits’ mi. ———— 
G00 vid-cln. 4557) Delp 2.97 4. Or 2.27" 23. Ir 7 Gen. sta. loads!®, kw per S.T.M. Com 
Two-track 1,500vd-c® 6.5h 16.3h 3.9h 9.7h 2.8h 7.0h bined freight and passenger® 
systems? 3,000vd-c® 11.9h 29.8h 7.1h 17.8h 5.1h 12.8h Two-track system 12-24-36 kv 72 147 138 273 240 455 
12,000va-c 13.4h 30.0r 8.0h 21.2h 5.5h 15.3h 24-48-72 kv 44” 50255 8053.73) San es0s 
24,000va-c 24.0h 56.0r 14.4h 38.2h 10.3h 27.3h 12-66 kv 44 120 107 205 170 337 
Four-track 600 vy d-c® 4.8r 3.77 3.0r 12-132 kv 44 82 72 135 109 214 
systems® 1,500 vd-c® 9.3h 5.5h 4.0h Four-track system 12-24-36 kv 62. 141 157 278 252 456 
3,000 v d-c® 17.0h 10.2h 7.3h 24-48-72 kv 44 82 67 167 116 288 
a-c (Same as two-track local) 12-66 kv 44 87 70 177 156 314 
12-132 kv 44 82 66 135 108 208 
7 Corres. substa. hour loads Passenger trains 
Kw per single-track mi. 
Two-track 600vd-c 675 247 1,125 414 1,570 580 Class load Light-A Medium-B Heavy-C 
systems? 1,500vd-c 745 263 1,240 454 1,730 633: || Item No. of trains in fleet 3 Goes 6 3 6 
3,000 vd-c 790 260 1,350 475 1,890 684 
12,000 va-c 765 260 1,350 463 1,890 675 1 Wt. of train ex. locomotive, tons 1,000 1,500 2,000 
24,000 va-c 691 200 1,310 405 1,930 637 : 
Four-track 600 v d-c 460 770 1,075 2 Average speed, mph 60 60 60 
-system® 1,500 vd-c 510 850 1,185 
3,000 v d-c 518 925 1,290 3 Train interval, miles 10 10 10 
12,000 v a-c 530 925 1,295 minutes 10 10 10 
24,000 v a-c 482 905 1,320 
4 Kw avg per train at substa. 2,400 3,600 4,600 
Transmission study based on a 35-mile block of uniformly distributed load. - 
5 Substa. spacing limits’, mi. 
Class load Light-A’ and A Medium-B Heavy-C Two-track!! 600 v d-c® 3.4r 2.4r 1.97 
- 1,500 v d-c® 10.0r 9.0r 6.8r 
8 Kwopersingle-track mile 250 575 906 1,290 3,000 v d-c® 32.5r 25.0r 20.5r 
12,000 v a-c 42.0r 33.0r 29.0r 
9 Gen.—Sta. loads? kw per 24,000 v a-c =) 09r Chr eee its 
single-track mile 
Two-track 12-24-36 kv 89 287 680 1,050 6 Substa. kw® per S.T.M. above spacing. 
system 24-48-72 kv 78 180 284 404 Two trackl! 3 126 124 198 207 257 270 
12-66 kv 78 180 387 "645 108 114 165 176 225 240 
12-132 kv 78 180 284 404 78 107.130 170 184 225 
Four-track 12-24-36 kv 78 250 567 968 66 93 113 148 160 195 
system 24-48-72 kv 78 180 284 404 40, 68:5 72) Libs tOr et57, 
12-66 kv 78 180 284 526 
12-132 kv 78 180 284 404 7  Gen.-sta. loads (See freight table above) 


3, = heating limit of 50° C rise in avg tarnished conductors. 


r = 10% regulation. 


Contact systems described in Table II. 


4Load on second track = 25% of that on fully loaded track. 
5D-c contact systems paralleled midway between substa. in this case. 

6Third and fourth tracks loaded 25% of fully loaded express and local tracks. 
7TBased on spacings given in Fig. 9 for generating stations interconnected, 


except that upper spacing limit is 120 miles. 


factor may be accounted for by additions to the con- 
ductivity required for local distribution as outlined in 


a previous section. 


An inspection of the results shows that for aerial 


8Second track is a passenger train load of the same class. 

Four-track load is two freight and two passenger fleets. 
9One hour loads used except for 3-train passenger fleets—half hour. 
10Based on spacings given in Fig. 9 for generating stations except that upper 


spacing limit is 240 miles. 
llSecond track is unloaded. 


lines used heating is the limitation with most suburban 
multiple-unit train loads and regulation with main line 
freight or passenger loads. For the third rail, regulation 


is the only limitation. 
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Substation Capacity. Substation rms loads are given 
corresponding to the limiting spacings. Local and ex- 
press suburban loads are increased by 20 per cent and 
10 per cent respectively from the loads read on the load 
curves to account for the rms effect of accelerating and 
coasting. The required substation capacity, without 
allowance for spare capacity, is approximately half of 
the hour load except for the 10-train freight fleets for 
which the continuous capacity must be about 75 per 
cent of the hour load. Less spare capacity would be 
required with the a-c system because of the relatively 
greater ability to draw on the spare capacity in adja- 
cent stations. 


TRANSMISSION 


From the substation loads determined in the distri- 
bution study, the next step is the determination of per- 
missible generating station spacings and consequent 
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CLASS OF LOAD (REFER TO SUBSTATION LOADS- TABLEY) 
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SUBURBAN FLEETS 
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40 80 120 160 200 24040 80 120 160 200 240 


TWO-TRACK FOUR-TRACK 


Fic. 9—GENERATING STATION Spacines FoR 25 Per Cent 
REGULATION 


Through and sectionalized transmission are illustrated in Fig. 5 (d and 
e), short and long fleets are respectively, freight, 5 and 10 trains, passenger, 
3 and 6 trains. Conductor sizes used will carry the load current, One 
transmission line or feeder considered in service with two-track systems. 
Three transmission lines or feeders considered in service with four-track 
systems 


loads. As before, both heating and regulation limits 
must be considered. The general plan adopted for this 
study is that of determining the conductor size, for each 
case, at which heating and regulation limits are equiva- 
lent. This plan has the advantage of defining’ the fields 
where regulation or heating respectively are limiting. 
For spacings smaller than those tabulated, heating 
will be the limit, and with sufficient conductivity to 
carry the current, the regulation will be less than 25 
per cent. Also if the conductivity listed is divided into 
more circuits the regulation will be less than 25 per cent 
for the same spacing. A minimum conductor size of 4/0 


copper and a maximum of 1.750 million circular mils. 
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were considered although as pointed out the larger sizes 
are not practical and more circuits would be used in- 
stead of the extreme conductor sizes. An arbitrary 
upper limit of generating spacing was taken as 240 
miles for main line and 120 miles for suburban systems. 

In the case of suburban loads an additional loading 
condition lighter than the light main line load was in- 
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cluded to indicate the possibilities on lightly loaded 
branches. In general, combinations of express and 
local multiple unit train loads are considered in the 
study of transmission for suburban systems, and com- 
binations of freight and passenger train fleets for the 
main line electrification. 
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TABLE VI—ELECTRIC RAILWAY POWER STATISTICS 
Miles 
single Approx. 
track 
Type of Contact Miles main 
transportation Railway Year system route line 
Suburban U.S.A. 
Delaware Lackawanna & 
Western: ssecisasatn os 1931 3,000v d-c. 69 133 551.00 
ae Tilinois Central 5,-4.6 ane 1929-30 1,500v d-c 38 113 615.00 
bek Lone Island. ... hii gsc. 1929 650v d-c 135 323 2,360.00 
pe P.R..R:-Phila. Paolt...,...-. 1929 11,000v a-c 36 114 281.00 
p Reading ice ieeietecs sce 1981—32 11,000v a-c 65 148 183.00 
d (Staten [sland:.0.2.0,<.. 00 1929 600v d-c 22 43 156.00 
Argentine 
e Buenos Aires Western.... 1929 800v d-c 23 63 431.00 
e Central Argentine Rwy... 1929 800v d-c 43 80 402.00 
Ausiralia 
e N.S.W. Govt. Rwys...... 1929 1,500v d-c 88 220 1,645.00 
ek Victorian Govt. Rwys.... 1929 1,500v d-c 167 343 1,830.00 
Germany 
e Berlin Suburban......... 1929 800v d-c 145 286 
Hamburg Suburban...... 1929 6,000v a-c 20 42 
India 
aR Bué& Cok Rayenwess aes £929 1,500v d-c 21 60 444.00 
Japan 
‘ 1,200v 
2 ’ U Db} 
g Tokio Suburban......... 1929 ony d-c 65 130 1,720.00 
Netherlands 
Netherlands Rwy........ 1929 1,500v d-c 84 168 855.00 
United Kingdom 
er EN ERR Wyse senintloste 1929 600v d-c 32 68 246.00 
e London & Suburbs....... 1929 600v d-c 38 76 741.00 
Southern Rwya.seces «= 1929 600v d-c 270 710 3,275.00 
Terminal U.S.A. 
&tunnel c B.&O. Baltimore........ 1929 600v d-c 3.6 7.2 74 
operation a Boston & Maine Hoosac 
Stine lace tp Sie siche 1929 11,000v a-c 820) 1620" 191 
Cleveland Union Terminal 1929 3,000v d-c 17.0 40.0 
ce Michigan Central Detroit. 1929 600v d-c 4.5 9.0 99 
c N.Y.C. N.Y. Terminal... 1929 650v d-c 63.0 214.01,710 
egq P.R.R. Manhattan Trans- 
LOE aan stevess cgetehecer 1929 675v d-c 13.0 50.0 
Canada 
a Canadian National St. 
Glan Tanneliey oa. iccicke 1929 6,600v a-c 3.6 Week Une 
Main line U.S.A, 
d Butte Anaconda & Pacific 1929 2,400v d-c 37 37 254 
e C.M. St. Paul & Pacific H 
to Avery sb Ssise otitis oes L029 8,000v d-c 441 441 2,311 
c C.M. St. Paul & Pacific O 
to Seattle isaeiiek wees 1929 3,000v d-c 218 230 800 
ch Great Northern.......... 1929 11,000v a-c 73 73 404 
Ni oN... & BoRORS Nev. 
to Woodlawn.......... 1929 650v d-c 12 48 372 
h N.Y. N.H. & H.R.R. S.P. 
PADESU A msinseritsiat sabres 1929 11,000v a-c 116 382 4,036 
Norfolk & Western....... 1929 11,000v a-c 64 152 871 
i P.R.R. Phila to West- 
ehester crs sieievsiel deine 1931 11,000v a-c 26 49 
P.R.R. Wil. to Trenton... 1931 11,000v a-c 58 230 
P.R.R. Trenton to Sunny- 
Side mm Suceeetas hyetomaee 1931 11,000v a-c 68 256 
Fins VAR LUAGUED pata var aici avevnire exer 1929 11,000v a-c 135 157 1,878 
Austria 
e Innsbruck, Fel, Bregenz.. 1929 15,000v a-c 132 132 868 
Brazil 
i, Paulista): ao. aennrae sacs 1929 3,000v d-c 204 217 646 
Chile 
Ghile States. snc mas tures 1929 3,000v d-c 144 180 449 
France 
jdc* Midh. 2es.<sitieindatssasteil cis 1929 1,500v d-c 575 918 1,155 
EPL. Mise otters el ores vrs 1930 1,500v d-c 84 167 
ABS OS Oli as saree cehencrs «pure 1929 1,500v -d-c 148 404 3,400 
Germany 
m Bres., Gorlitz, & Br....... 1929 15,000v a-c 216 348 1,227 
m Mag. Lpzg., Halle........ 1929 15,000v a-c 118 232 999 
m Bay, Munich fe. 462.. os 1929 15,000v a-c 434 700 2,283 
m. Baden Basel .c,co.0-..0 21929) 15,000v a-c 30 30 72 
India 
GLP erie. ce Sucks 1929 1,500v d-c 128 
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51 
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to contact 


lines 


41.15 
59.87 


165.68 


27.72 
28.52 


117.95 
103.85 


34.90 


117.58 


13.58 
59.56 
229.06 


5.88 


7.15 
164.63 


85.09 


100.58 


38.00 


33.44 


33.95 


86.29 


106.70 


58.54 
40.00 
116.70 
5.21 


26.48 
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Million kw-hr/annum Max. kw 
—_——_——_———— demand 

million Generated Delivered generated 365 days 
ton mile or at pt. 
/annum of supply 


or at pt. 
of supply supply % 


22,903 
29,617 


7,840 
6,473 


21,000 
12,500 


45,000 
48,000 


70,000 
17,000 


11,328 


28,400 


21,360 
75,000 


6,000 


69,790 


4,000 


9,579 


15,000 


41,000 
32,000 


49,000 


6,193 


60,000 


28,000 


26,000 
15,000 
33,000 

1,750 


Load 
factor 


at pt. of 


Installed 
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sub-station kw or kva 


Total route mile 


Per 


44.0 
41.6 


14.0 


32.2 


17.8 


24.4 


25.6 


40,000 
46,500 


130,000 
39,000 
42,000 
13,000 


71,400 


153,000 


20,000 


74,000 


10,000 
25,650 
105,500 


7,500 
15,000 


80,000 


36,000 


2,860 


7,000 
59,500 


28,000 
27,000 


91,000 
56,000 


33,000 
93,000 


90,000 
97,500 


25,000 


20,000 


106,000 
36,000 
52,000 


28,000 
19,000 
70,000 

4,000 


580 
1,225 


964 
1,082 
645 
591 


426 


1,050 


938 


1,270 


2,770 


795 


189 
135 


128 
370 


785 
875 


1,295 
1,610 


1,322 
723 


122 


139 


185 
430 
351 


129 
161 
161 
133 


Per s.t. 


mile 


300 
411 


403 
342 
284 
303 


208 


535 


333 


570 


147 
338 
148 


469 
375 


374 


720 


392 


133 


374 
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TABLE VI—Continued—ELECTRIC RAILWAY POWER STATISTICS 


Miles 
single ee 
track million Generated Delivered generated 365 days 


Million kw-hr/annum Max. kw 
demand 


Load 
factor 


Installed 


Approx. sub-station kw or kva 


Type of Contact Miles main tonmile oratpt. tocontact oratpt. at pt. of Per Perisi t: 
transportation Railway Year system route line /annum of supply lines of supply supply % Total routemile mile 
Main line Italy 3 

f Genoa, Cev., Leghorn.... 1929 3,700v 3P 331 540 1,572 144.50 47,000 142 87 
f Turin, Modane Ronco.... 1929 8,700v 3P 205 345 1,182 103.00 27,000 132 78 
f Florence Bologna........ 1929 3,700v 3P 88 110 407 45.00 
Japan 1.200v \ 
g Tokio to Yokozuka....... 1929 1.500v f -c 120 222 850 45.75 SV (ACK) 42,800 424 193 
Mexico 
ibe The: Mexican. sttre;,<'- 1929 3,000v d-c 64 64 120 15.18 14.43 9,000 140 140 
Morocco 
Moroccan Rwy........+- 1929 3,000v d-c 149 149 351 14.28 
Sweden 
n Riksgrensen, Kir. & Luela 1929 16,000v a-c 287 287 43,000 150 150 
Stockholm Gothenburg... 1929 16,000v a-c 286 S00 28,800 100 82 
Switzerland 
Swiss Pederally scciana. 1929 15,000v a-c1,076 1,612 6,564 472.85 394.00 100,000 53.9 270,000 253 167 
Union of So. Africa 
o Pietersburg to Glencoe... 1929 3,000v d-c 171 230 1,765 104.69 24,300 49.1 44,000 257 
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Average loaded passenger car taken at 60 tons. 
Average loaded passenger car taken at 55 tons. 
Average loaded passenger car taken at 66 tons. 
Average loaded passenger car taken at 52 tons. 
Average loaded passenger car taken at 48 tons. 
Average loaded passenger car taken at 42 tons. 
Certain substations supply another system. 


Ton miles are for freight only. 
Generated power supplied to other users. 


Passenger train weight taken at 250 tons. 
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It is assumed that there are three transmission lines 
or three feeders and four trolleys in service with the 
four-track system, and one transmission line or one 
feeder and two trolleys in service on the two-track 
system. 


LOAD FACTORS 


Knowing the average load over any number of days, 
a quantity which may be easily approximated when the 
total tonnage movement on a railway is known, the 
load-factor for the road with any spacing of power 
supply feed points may be estimated from the load 
curves for various train and fleet sizes. 
As an example, the following conditions may be 
assumed. A road may move a given freight tonnage 
over a single track in one direction with ten 5,000-ton 
trains, or five 10,000-ton trains operating in fleets with 
trains at 10-mile intervals. These freight train fleets 
may be assumed to pass passenger train fleets of six 
1,000-ton trains and three 2,000-ton trains respectively 
in such a manner as to place a maximum load on a 
point of power supply. The effect of this maximum load 
on feeding points located at 10-mile, 100-mile and 200- 
mile intervals will be considered. If we assume that 
the average power demand over a period of 12 months 
is of the order of 65 kw per single track mile, or 130 kw 
per two-track mile, (the average for one large system) 


Installed substation kw includes allowance for direct feed to contact lines of three winding stations and power plants. 
Installed substation kw. Note provision made for practically double the capacity shown. 


Installed substation kw. Note provision made for 48,000 kw. 


Traffic density varies between 2 million and 7 million ton miles per mile of track per annum. _ 

Ton miles, energy consumption and maximum demand values taken from Mr. F. Lydall’s paper I.E.E., March 1928. 
Electrification layout provides for main line operation. 

Lines to be changed to a-c operation and included in comprehensive main line electrification. 

Provision to convert contact lines to 24,000 volts. Substation kw includes three winding and auto transformer capacity. 


the following tabulation employing values taken from 
Fig. 10 shows the variation in load-factor due to vari- 
ation of supply point spacing and train size. The 
values for train power demand for the four train sizes 
are taken from Table V. 


Spacing Kw demand Load 
between No. of trains l1-hrand %- Avg kw factor 
feeding points in fleet hr basis 365 days 365 days 
10 miles..... LOVES 6) Paka 57 SOR Ss SOO aeresr ae 22.5% 
1O'miles Pay Shem al SPARE ee ‘D850 ewe. ce tas LOO. kisses 13.2% 
100 miles..... LOU Guee serait 37,400 see oo T3000, arcs 34.8% 
100 miles..... UL Nake ial Rage a 37,400 ee oer US, 000s sree 34.8% 
200 miles..... 10} B26 P32. 43: 8005. a a 0 000k ase 59.4% 
200 miles..... $5, Bais Menem enc AD S0O0% 6 cot tun 26000, canis 64.6% 


The principal point of interest brought out in this 
tabulation is the fact that any increase in train size 
with a given total tonnage movement tends to lower 
the load factor at feeding points relatively closely 
spaced, such as track substations; whereas, at points 
100 and more miles apart, the load factor may be 
beneficially affected by an increase in train size. 


Data on Existing Systems 


The essential electrical characteristics of most of the 
heavy traction electrifications of the world are given in 
Table VI. The ranges of yearly power consumption 


- 
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and installed substation capacities for the U.S.A. have 
been given in Table I. A few electrifications upon 
which data were not available at the time of publica- 
tion have been omitted from the list. 


CONCLUSIONS 


A general method has been presented for determining 
directly the approximate electrical characteristics of 
railway power supply systems, and important index 
figures have been developed which best specify the per- 
formance of the distribution and transmission facilities. 
The specification of maximum load conditions of an 
electrified railroad in terms of train fleet dimensions has 
been shown to be a practical and useful procedure in 
numerous instances. This plan has made possible the 
construction of general station-load curves, catenary- 
current curves and regulation curves which are pre- 
sented in the paper. 

The general study and data on existing electrifica- 
tions provide a perspective of power system require- 
ments for electrified railroads. They may be used as a 
basis for economic studies, and are at least a starting 
point in a general study of the ability of the various sys- 
tems of the present day to handle the loads of the future. 

Among the specific deductions that may be drawn 
from the material presented are the following: 

1. There is little advantage, from the substation 
capacity standpoint, in spacing substations farther 
apart than trains. 

2. In main-line service, where the train spacings are 
_ considerably greater than the required substation spac- 
ings with low-voltage systems, the required substation 
capacity is considerably less with high-voltage than 
with low-voltage contact lines. 

3.. With higher voltage contact lines the spare ca- 
pacity in each substation is less due to the greater 
shifting of load to adjacent stations. 


4. The use of railroad transmission lines greatly 


reduces the total demand which must be provided for 
by the power company, and makes it possible for the 
power company to provide for this demand in a few 
large units instead of numerous small ones. The load 
factor study in the paper indicates that the demand may 
be 1.5 to 2.5 times as great for substations at 10-mile 
intervals as for generating stations at 100-mile intervals. 
These factors would be increased for smaller substation 
spacings, with the same train fleets. 
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Discussion 


D. R. MacLeod: So many economic factors control the layout 
of a power system to be used for a given electrification that it is 
almost impossible to cover the subject adequately with a theoreti- 
cal investigation since any such investigation is only as accurate 
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as the assumptions permit it to be. 
basic principles that may be outlined. 

The outstanding assumption in this paper is that of fleet 
movement of trains which we interpret as implying a very dense 
traffic movement. There is a question in the writer’s mind as to 
how this assumption would fit a railroad having a varying profile 
and especially the electrification of a grade. In an actual in- 
vestigation we assume that the authors would lay out the system 
on the basis of the normal load condition, using certain limiting 
assumptions for satisfactory normal operation and then check 
the system for the abnormal conditions that might arise, using 
the limits specified for satisfactory abnormal operation. 

In Table IT an index of regulation for a 25-cycle, 12-kv trolley 
rail circuit of 350 trolley ampere miles plus or minus 20 per cent 
for each 1 per cent of regulation is developed. Another index 
that is useful is the approximate impedance at 25 cycles of a 
single trolley with rail return. The resistance of the trolley 
usually is much greater than that of the rail even when the a-¢ 
resistance is taken as three times that of the d-c resistance due to 
skin effect. The reactance component is more dependent upon 
the distance of the contact wire above the track than on the 
sizes of wires or number of rails for the wire sizes, wire configura- 
tion and rail weights usually employed in main line work. A 
good approximate value to use is 0.2 + 70.4 ohms per mile. 
Probably the only merit in choosing these figures is that they 
are easy toremember. They apply most nearly to systems having 
a 4/0 phono-electric contact wire and a 4/0 auxiliary, but tests 
on actual systems show such variations from calculated values 
that too much reliance should not be placed on their accuracy. 
Ground wires and other auxiliary return conductors affect the 
reactance values materially. . 

In the paragraph headed “Correction for Through-Feed in 
A-C Systems”’ the writer calls attention to the fact that in d-e sys- 
tems using rectifiers or other sources of power supply that are not 
fiat compounded there is through-feed from adjacent sections. In 
the case of three-winding transformers, the relative proportions 
of through-feed depend upon the relation of the impedances of 
the two circuits and therefore the effect that the three-winding 
transformer impedances will have upon the proportioning of 
through-feed will depend upon the relation of .the transformer 
impedances to the rest of the system. 

Under the heading ‘‘Transmission”’ and as conclusion 4 at the 
end of the paper, the statement is made that with all contact 
systems a large spacing of power supply points causes an im- 
proved load factor and more economical generation with larger 
units and it is in consequence generally desirable to feed a maxi- 
mum number of track substations from one source of power. 
In 25-cyele, single-phase systems the size of unit must be selected 
in order to take care of rush hour loads and normal loads with 
the best load factor. Larger units of frequency changer sets are 
more efficient than smaller ones. Where the systems are tied 
together on the 60-cycle side of the frequeney changer sets there 
is no problem of stability on the 25-cycle side, but the power 
supply points should be selected in such a way that maximum 
stability may result when examined from the 60-cycle side. 
Where the systems that supply power to the electrification are 
not tied together, or where individual steam or hydroelectric — 
systems are the major sources of supply, single-phase stability 
must be examined. 


There are, however, certain 


It is interesting to note that the authors have presented data 
on 24-kv, 25-cyele systems. Higher voltages on the contact 
system have been under discussion for some time and they un- 
doubtedly will be used if the need for them arises. The insula- 
tion of the transformers on the rolling stock, in view of existing 
space and weight requirements, would be the principal problem. 

When determining the location of substations on a given a-c 
system, factors of an engineering nature such as inductive co- 
ordination, selectivity and discrimination of breakers, ete., must 
be considered. Using the index developed in connection with 
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Table II of the paper or the approximate value of impedance 
given in this discussion it is seen that an infinite source of power 
feeding one mile of trolley at 12 kv will give approximately 
30,000 amperes when short-circuited. If the breakers are set at 
2,000 amperes the substations can only be 15 miles apart and it 
is probable that regulation in the power feed would reduce this 
figure to about 12 miles. Where high speed breakers are used it 
is customary to provide back-up protection that operates on 
the impedance principle or equivalent and that will clear faults 
at a lower value in longer time. High speed protection is of great 
value in preventing burning down of wires and damage to 
apparatus. These breakers must not trip on switching surges 
which may be as high as four times the normal current rating of 
the transformers fed by the breakers. 

Selectivity of breakers fed from an a-c bus is rendered more 
difficult the greater the through-feed. The greater the substation 
spacing the greater the through-feed, other things being kept 
constant. 

W. S. H. Hamilton: In Table IT the current carrying capacity 
of the contact system assumed for 3,000 volts d-e and having a 
total conductivity of 1,029,000 cir mils is given as 1,340 amperes. 


Based on the methods described by Messrs. Schurig and Frick . 


in the General Electric Review of March 1930 and August 1931, 
the current carrying capacity for such contact system should be 
2,065 amperes, instead of 1,340 amperes—an increase of 55 per 
cent. This increased current rating should mean an increase in 
substation spacing of approximately the same percentage where 
the text indicates that the limitation is heating rather than 
regulation. 

In connection with the curves given in Fig. 8 for d-e substation 
spacing, it is stated in the text that these curves are based on 
tracks not paralleled while the d-e substation spacings given in 
Table V are based on tracks paralleled midway between sub- 
stations only. In any d-e system, the regulation varies directly 
with the line conductivity and hence the paralleling is an im- 
portant factor. Modern practise on d-e systems is to parallel 
oftener than this paper would indicate. For instance in the 
Cleveland Union Terminals electrification the trolleys are paral- 
leled at each substation and circuit breaker house, a total of 8 
points in the 17 miles, and the track return is paralleled oftener 
than this. 

As an instance of how this affects the voltage drop, the writer 
has calculated the voltage drop at the locomotive for various 
conditions corresponding to the passenger train loading B shown 
in Table V for the condition of two trains symmetrically located 
between substations with substations 25 miles apart. While 
this condition does not give the maximum drop it indicates very 
clearly the effect that paralleling of the trolleys between sub- 
stations has on the voltage drop. 


CONTACT SYSTEM TIES BETWEEN SUBSTATIONS 


0 1 2 
BUN SLOCOTACIC a Po pio ae oes Susrg toni =, sen teva ate Aha, oo 756 
MOTMOLE BL AC ecewe vy uss eras aif ie ha Prans ave citectetle + Ca Ohms cere. HSOnysaden 422 
HUT SULA CHS erie en eats: ote het, cee a oie COG | ee 416.. sane . 254 


The contact system tie stations with 3,000 volts d-e are rela- 
tively inexpensive and the high speed breakers used are positive 
and simple in operation. It is good practise anyway to tie the 
trolleys together at each major interlocking plant. 

Since the curves in Fig. 8 apparently are based on single track 
conditions only, they seem to the writer to be misleading particu- 
larly when heavier classes of loading are considered. For instance 
no one would operate a fleet of 37 electric trains all in one direc- 
tion on single track, and when this is set up on a four-track basis 
with proper allowance made for contact system paralleling the 
substation spacing would be much greater than that shown. 

In Table V the average kw per train at the substation (which 
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presumably is at the substation outgoing bus) seems very high 
for these trains when hauled by d-c locomotives. 


QeaoOonnauuququououououeeeeeeeeeeeeeeS 
Freight Trains 


Light A Medium B Heavy C 
Givenhby7aUthOrsrsjciacec. soe es 2 000 saree 3;500\.,3aeaen 5,700 
Caleulatedierasactiee Gaile cicicmat oe 160032. 422, 600} eee 3,400 
Passenger Trains 
Given DYyr BuUGhors ssw obeleas. «ce erie 2.400; cee 3,600 ace 4,600 
Caleulated nga reratctc helete a etaveyath cuore, 63 1,700 0. sep 2,00, eer 3,350 


While the authors do not so state it is assumed that this study 
is based on level track and while this difference might be ac- 
counted for by an allowance made for a grade, at the same time 
if such is the case, the loadings on other tracks can hardly be 
assumed without making correction for the grade in opposite 
direction, which is not the case in the paper. j 

While the authors state in Table I that d-c locomotives are 
5 per cent more efficient than a-c locomotives it does not appear 
how this allowance is made in connection with the freight and 
passenger trains given in Table V. 

From a standpoint of practical railroad operation the writer 
does not feel that it is necessary to assume a d-c system flat 
regulated as was assumed in Table I. It seems that advantage 
might be taken of the ability of d-c equipment to operate without 
difficulty over a wide voltage range and the substation voltage 


be allowed to vary over a range of say 10 per cent which, with 


the allowance for an average line drop of 10 per cent, would 
enable a considerable interchange of power to take place between 
sections of the trolley. This is stated in the paper to be not as 
good as with the a-c systems, which statement however is some- 
what open to question even without the arrangement described 
above. Under such a system and with proper design of passenger 
equipment, passenger trains may be held on approximately their 
scheduled speed throughout a wide range in voltage and freight 


trains allowed to slow down during times of maximum conges-’ 


tion. While such conditions are very difficult to figure and 
might be impossible to present in a paper such as this, at the 


same time they represent a practical solution of great value and 


one which should be given careful consideration. 
Inasmuch as this paper deals primarily with substation spacing 
it would seem as though Table VI which gives considerable 


information on a number of electrifications should have included 
this item. It is interesting to compare the average spacing and — 


the route miles per substation for a number of these actual 


electrifications which are given below and which show the — 


Main Line Electrifications 


Approx. miles Route miles 


between per 
substations substation 
Railroad System average average 

Butte, Anaconda & Pacific ....... 2,400 v d-c..... ZA S558 sys tae 18. 

Chicago, Milwaukee, St. Paul & 
Pacific 

Rocky Mt. Division........... 3,000 v d-c..... B22 ane ate 31.6 

Ooast Division: ani je.e eas ps 3,000 v d-c..... 285 3)saeapaie ers 27.3 

GreatiNorthern cA cies oe ide lee 11,000 v a-c..... a Je latrines 10.3 

INorfolkag W esterte. .. see ak 11,000 v a-c..... BS teas RK 720 

Valreiziiane skies wepauae erarchsastentneree 11,000 v a-c..... EO) Oats cyetie 9.6 
New York, New Haven & Hart- 

fords Gncl ain Wi) Soa 0) sere 11,000 v a-e..... By eB Ae aeanene Byask: 

Suburban or Terminal Electrifications 

Etlinois '©entrals cree semer.cenus hae 1,500 v d-c..... 5k osceians 5.4 

Delaware Lackawanna & Western 3,000 vd-c..... Tn RAR eae 13.6 

Cleveland Union Terminal....... 3,000 v d-e..... iN OE FRESE a 8.5 

RGaGimg o.c0h cid aatann she deere Nee KONG 11,000 v a-c..... 6 Pian ees 6.3 
New York, New Haven & Hart- 

ford tineN Yo WwW. BoB yn caavea weet 11,000 v a-c..... A Bile Ace 5 1 


es woe 
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opposite trend from that which one would gather from the paper, 
so far as 3,000- d-c and 11,000-volt a-c substation spacings are 
concerned. 

From a review of the preceding table it would appear that 
either there are a number of other factors involved in actual 
locations of substations, that are not brought out in this paper, 
or else the accumulation of the points mentioned in the discus- 
sion above is such as to cause different results to be obtained in 
practise from those illustrated in the paper. 

On the Hudson side of our Electric Division we are handling 
14 ear multiple unit trains—18 car (Pullman) passenger train 
and 3,500 ton freight trains on four tracks with average sub- 
station spacing of 3.4 miles. The substation voltage varies from 
700 to 625 volts direct current while the average voltage at the 
trains is approximately 575 volts. This is given as an illustra- 
tion of what can be done with a d-e system using a more or 
less flexible voltage at the substations. 


P. L. McGee and E. L. Harder: Space limitations prevented 
a more detailed explanation of the various tables and charts 
included in the paper and the additional data, supplied by Mr. 
MacLeod together with the following brief reply to Mr. MacLeod’s 
and Mr. Hamilton’s discussions may assist in a better under- 
standing of the basic assumptions made in the paper. 


Mr. D. R. MacLeod refers to the many economic factors which 
must be considered in railway electrification and assumes that 
the authors’ representation of fleet movements refers only to 
dense traffic and further refers to the methods of laying out a 
system for normal loads with certain checking for abnormal 
conditions. 

Our paper is concerned primarily with the technical require- 
ments of power supply point spacing, substation spacing, and 
converting capacities at these points with any given unit load. 
It is the authors’ belief that when these technical conditions are 
fully satisfied for any given voltage class and transmission sys- 
tem, that the economic problems are relatively simple and that 
most of the confusion today in considering railway distribution 
systems, is caused by attempting to adjust the technical require- 
‘ments to suit some preconceived economical condition. The 
interpretation that a fleet movement of trains employs very 
dense traffic, is incorrect. In any analysis of railway loads traffic 
train charts are employed, showing the space-time relation of all 
trains over the period considered. This chart may represent 
light traffie or dense traffic as the occasion requires. Railroads, 
however, in common with other utilities that supply services, are 
built to accommodate demand at its peak and if the electrifica- 
tion distribution and transmission are to conform to this con- 
dition they should be laid out to accommodate some recognized 
maximum traffic condition. There can be no more satisfactory 
representation for this purpose than a train fieet that lends itself 
to a simple mathematical analysis, as shown by the various 
figures included in the paper. This analysis lends itself equally 
well to level track, rolling and grade profiles. 

In view of the proposed extensive consolidation of railroads 
and the probable diversion of traffic to particular lines in order 
to obtain maximum economy in operation, it becomes doubly 
necessary to consider railway transmission and distribution 
systems in the light of the maximum traffic that can be ac- 
commodated. Inthe second part of the paper, Table V, itis shown 
that the installed substation capacity in kilowatts per main line 
single track mile, would vary for the 3,000-volt d-e system and 
12,000-volt a-c system between the following limits for the 
various class loads assumed. Class A, 206 to 241; Class B, 337 
to 266; Class C, 501 to 435. These installed substation capacities 
with their corresponding supply point transmission capacities, 
are a measure of a railroad’s capacity to perform work at a 
given rate and are very important values from the point of 
view of the railway operator. 

There are numerous factors, mostly eeonomie or pertaining to 
operation, which must be considered in connection with the 
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electrical limits given in the paper in order to determine the best 
substation spacings. However, with the particular limit em- 
phasized by Mr. MacLeod the authors disagree. Breaker dis- 
crimination may limit the permissible station spacing with 
overcurrent operated relays or breaker trips. However, this 
limitation is removed by trolley high speed impedance relays. 
The need for reasonably frequent trolley sectionalizing and 
limitation of the magnitude of inductive effects are more im- 
portant factors than breaker discrimination in fixing outer limits 
of substation spacing. 

We cannot agree with Mr. MacLeod’s last paragraph. When 
current is drawn from a trolley at one station, whether it be load 
or fault, some of it comes through the transformers at that sta- 
tion and some over the trolleys from the adjacent stations. The 
latter part is termed “‘through feed.”” If the same system is laid 
out with longer trolley sections and relatively more transformer 
capacity at each station the through feed will be reduced by both 
changes, or by either one alone. 

Mr. Hamilton questions the current carrying capacity of the 
contact system shown for the 3,000-volt d-c system in Table II 
and refers to an article by Schurig and Frick on the heating of 
wires. The values shown in Table II and Fig. 6 curve A, were 
calculated from Luke’s formula and check very closely with 
tests carried out by Wolland Gable and described in the Electric 
Journal, November 1926. These values also check very closely 
with Schurig and Frick for cable sizes up to 600,000 cir mils as 
shown in the General Electric Review, August 1931, Table I. 

The current carrying capacity from the heating standpoint 
with any combination of wires in parallel, is controlled by the 
hottest wire, which in this instance, is the messenger wire. The 
messenger wire considered, has the following characteristics and 
heating limitations according to Luke and Frick: 


Equivalent 
Wire copper Amperes for 50 deg C rise 
diameter Total conductivity $= 
(inches) cir mils cir mils Luke Frick 
HO26 eso. 792 O0G2. 3. 3226 586, BOB * > 2. => 1Ga. ee). 837 


The equivalent conductivity of the auxiliary wire and two 
bronze contact wires, is 443,600 cir mils. With the current limita- 
tions of the 586,000 cir mils equivalent copper messenger wire 
and 50 deg C rise, the total capacity for the system, according to 
the two authorities, is as follows: 


a avi oy. 2” el Lae 1,340 amperes 
Schurig:and Wriek..° 2. =. ate eee 1,450 amperes 


Most engineers would prefer to run at a somewhat lower 
temperatures than the 50 deg C rise, especially with a supporting 
messenger wire and the small differences obtained between the 


’ two authorities are of no real importance. Mr. Hamilton’s value 


of 2,065 amperes was probably obtained by assuming a current 
density in the auxiliary and contact wires to obtain a 50 deg C 
rise in these wires. This would cause an altogether excessive 
temperature rise in the messenger wire. 
In connection with the question of substation spacing and 
tying of contact systems together between stations, our paper 
has attempted to cover all likely conditions by giving in Fig. 8, 
permissible spacing on a single track mile basis and in Table V, 
@ permissible spacing with two or four tracks paralleled midway 
between stations, both with and without a load on the second 
track. By selecting a combination of trains likely to pass be- 
tween substations from curves in Fig. 8, any likely condition 
may be approximated. The desirability of more or less paral- 
leling points between substations is largely a matter of personal 
opinion. With the normal spacing encountered in practise, there 
is very little improvement in the average voltage to a moving 
vehicle by paralleling at more than one point and simplicity in 
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sectioning and selectivity require a minimum of paralleling 
points. 

Mr. Hamilton presents a table showing the effect of paralleling 
tracks where substations are spaced 25 miles apart. It would be 
rather an exceptional railway that would electrify four tracks to 
accommodate a medium load on one track over a distance of 25 
miles and examples such as this appear to have very little practi- 
eal value. 

Mr. Hamilton questions the large number of trains assumed 
in the local suburban service. The maximum local suburban 
service assumed consists of trains at 2.4 minute intervals, or 25 
trains per hour over one track, giving a total of 37 trains in one 
and one-half hours, which although it represents heavy traffic, 
approximates the maximum encountered in certain of our subur- 
ban systems. The fact that the load was assumed to continue 
over one hour has little influence either on the spacing or capacity 
of substations. A three to six train fleet probably would dictate 
from a regulation standpoint the spacing of substations. 

Since the power demand values given by the authors are at 
such variance with those tabulated by Mr. Hamilton, the com- 
plete computation of the power demand at substation trolley 
bus with the main line trains employed in. Table V is given 
below. In the matter of locomotive and distribution efficiencies 
it was assumed that the d-c and a-c locomotives have an average 
overall efficiency of 85 per cent and 80 per cent respectively and 
that the contact distribution efficiency is 90 per cent for the d-e 
system and 95 per cent for the a-c system, giving an overall 
locomotive and contact line efficiency of 76.5 per cent for both 
systems. On this basis the average power demand for the two 
systems is obtained as follows: 


FREIGHT TRAINS 


Schedule speed 30 mph 


Free running 


Locomotive speed 40 mph 

resistance and. Total a 
Trailing acceleration resistance per Power 

Car size resistanceper allowance per trailing demand kw 

tons ton-lb trailing ton ton at substation 
Ui taisrete Eee he OOS St. 34, de Zn eee MOSS exd oteaseete 2,000 
AAV rere citatesistc iB utter: te Pe ea oes bo J | Jee ee eee cr a 3,500 
GON 2. ss (Oe a reescwe re tetas cae are 5,700 


PASSENGER TRAINS 


—IyIL—_—E—————————EEEE ———————_=_=_=_=_=_=_=_[=[KRn0aa=—ae——_—_—_—"sZ 
Free running speed 


70-75 mph 
Heating and 

auxiliary 
power Total 
demand at kw at 

Schedule speed 60 mph sub/train substation 

LS beens Bed igre: cttocite ee ee er 2s Oras reve 520.......2,400 
A eta a tae 6:4 Dik waariersva 3220 50 Sie U2 Oe acens TOO teu 3,600 
SU Fernie cies SrOoOaniren k BLeOs a ecnhns WL Ota teaver OOO} mesa 4,600 
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The freight train resistances are taken from the University of 
Illinois Bulletin 43 and the locomotive and passenger car re- 
sistances are taken from the General Electric Review, October 1926, 
pages 685 to 707. 

An important item that often is overlooked in modern freight 
traffic studies, is the train speed, which in Table V is taken to 
average 30 mph. In the passenger service the amount of auxiliary 
power for heating in winter and air conditioning in summer, 
becomes quite an important item. In Table V, an average sub- 
station demand of 40 kw per passenger car was assumed for 
heating. .Possibly the exclusion of these items accounts to a 
large extent for the extraordinary low values tabulated by 
Mr. Hamilton. 

The paper is not concerned primarily with substation spacing, 
and as pointed out, spacing may be varied over a considerable 
range without affecting the required substation capacity. 

Mr. Hamilton considers a shunt characteristic ideal with d-e 
converting machines. This always has been the authors’ opinion 
but with this qualification, that the voltage practically be flat 
to full load rating of the machines. Opinions evidently vary on 
this point as the most recent 3,000-volt installation in this 
country was initially compounded. This has, however, been 
changed to a shunt characteristic. The authors cannot sub- 
seribe to the wide substation voltage fluctuations proposed by 
Mr. Hamilton. The most favorable assumption in considering 
a fleet movement passing a series of substations is a flat charac- 
teristic. Under such conditions there would be no advantage in 
lowering all substation voltages and it must not be overlooked 
that any transfer of power over long distances is uneconomical 
with low voltage systems. The high voltage a-c contact systems 
inherently lend themselves to economical transfer of power. 

As suggested by Mr. Hamilton, it would of course be interest- 
ing to tabulate the substation spacing employed on various 
systems but this should be done by giving the spacing limits on 
any system rather than the average values tabulated by Mr. 
Hamilton. As an example: the Delaware, Lackawanna and 
Western Railroad spacing varies between 8.44 miles where 
traffic is at maximum to 15 miles where traffic is light. For a 
really illuminating comparison, however, the substation spacing 
employed on European and other continental systems should be 
included. In Germany, the alternating current track substations 
range from a spacing of 85 miles, whereas the 3,000-volt South 
African electrification has a minimum substation spacing of 
approximately 10 miles. 

It is hoped that the authors’ paper may in some respects as- 
sist in explaining the limitations imposed by the various spacings 
and installed capacities in substations. 

Mr. Hamilton states that the average voltage on trains on the 
Hudson side of the New York Central electrification is 575 volts 
with a maximum substation voltage of 700. This represents an 
average voltage drop of approximately 18 per cent and although 
this may be quite satisfactory with terminal services and sub- 
urban trains where express service is not exacting, it is not a very 
economical arrangement and could hardly be reeommended for 
main line train service where it would be necessary to derate 
locomotives to approximately 18 per cent. 


Simplified Speed Control for Single-Phase 


Locomotives 
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Synopsis.—Particular reference is made in this paper, to a 
recently developed, greatly simplified control system for high-voltage, 
single-phase locomotives, where the entire heavy and bulky switch- 
gear is replaced by a simple high-voltage tap changer. A short 


description is also given of various other control systems which are 
today used on electric single-phase locomotives, and the strong and 
weak features of such systems are discussed. No reference is made 
to control systems for split-phase or motor-generator locomotives. 


INTRODUCTION 


ITH the introduction of electric propulsion of 
trains on main railway lines, it was soon realized 
that comparatively high voltages would be 

necessary to conduct economically the required energies 
to the moving vehicles. Late developments followed, 
with some exceptions, two distinctly different directions, 
namely; the high-voltage direct current and the high- 
voltage alternating current systems. With alternating 
current, the transformer presented a practical means to 
take high-voltage current, collected at the trolley by a 
locomotive, and convert this current to any desired 
working voltage, suitable for the traction motors, and 
the auxiliaries. The matter was not quite so simple in 
the case of the direct current locomotive, and in the 
economical d-c locomotive of today, the energy col- 
lected from the trolley wire must be utilized at the 
voltage collected from the wires, without going through 
any stage of transformation. 

As a result of this, we recognize that the maximum 
operating voltage for d-c main-line electrifications is 
approximately 3,000 volts. 

Yor a-c railway electrifications, the upper limit of the 
working voltage on the trolley system is in no way inter- 
connected with the locomotive motors. A-c railway 
electrifications in late years have been executed mostly 
with 11,000 volts, 25 cycles per second, single-phase in 
the United States of America, and 15,000 volts, 16 2/3 
cycles per second in Europe. 


SPEED. CONTROL OF HIGH-VOLTAGE SINGLE-PHASE 
LOCOMOTIVES 


A. General. The electrical equipment of a com- 
mutator-motor locomotive, consists usually of the 
following main parts: 

a. The current collector. 

b. The transformer. 

c. The voltage regulating apparatus or power 
switchgear. 

d. The traction motors. 

e. The auxiliary and control apparatus. 
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The purpose of the voltage regulating apparatus is to 
supply the motors with selectively predetermined 
voltages, and in that way to regulate the speed of the 
locomotive. There is no reference made in this paper 
to the various motor combinations that are possible, 
excepting in cases where the particular connection has a 
deciding influence on the speed-regulating apparatus. 

Several systems of power control apparatus are 
already developed, which permit the varying of the 
voltage at the terminals of the motors. It is extremely 
important that the power flow to the motors be not 
interrupted during the transition from one transformer 
tap to the next one. Such an interruption of power flow 
between steps is destructive to the motors, the gearing, 
if such is used, and to the mechanical parts of the 
locomotives as a whole. 
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A- FANTOGEAPH 


_ LOCOMOTIVE 
TRANSFOEMES 


_ LOW TENSION 
SWITCH GEA 


PREVENTIVE CO/L D 


TO MOTORS 
Fic. 1—Diagram or Matin Power Circuit with ONE 
PREVENTIVE CoIL 


B. Unit Switch Control System. Several methods have 
been used to accomplish the transition between trans- 
former taps, without interrupting the power flow to the 
locomotive motors. 

A few of the more usual combinations are shown in 
Figs. 1, 2,3. 

Fig. 1, shows a schematic arrangement of a control 
system with a certain number of switches, 1-8, utilizing 
a preventive coil D. These switches must be closed in a 
certain sequence to prevent short circuits between trans- 
former taps of different potentials. The preventive coil 
D, is provided to insure a transfer from one tap to the 
next one, without interrupting the flow of power to the 
traction motors. It also permits that two switches of 
different potentials can be closed without producing an 
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unduly high short-circuit current in the transformer 
section lying between these switches. The arrangement 
shown in Fig. 1, is quite often used abroad. Fig. 2 shows 
a system whereby triple preventive coils are introduced 
into the circuit. A control arrangement which is quite 
generally employed in this country is represented by 
Fig. 8. Three preventive coils are utilized in this cir- 
cuit. Fig. 4 gives the sequence of switches for the con- 
trol scheme shown in Fig. 8. 

The limitation of design requires that the voltage of 
single-phase commutator motors, to obtain good com- 
mutation, be relatively low. Heavy currents, therefore, 
have to be handled by the switches if large size motors 
are involved. Furthermore, with 25 cycles per second, 
lower voltages must be applied at the motor terminals 
than with 16 2/3 cycles, therefore, higher currents must 
be handled by the switches in case of a 25 cycle loco- 
motive, than in the case of 16 2/3 cycles. The follow- 
ing data clearly demonstrates the above statement. 
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TRIPLE SINGLE 
PREVENTIVE PREVENTIVE 
cO/LS COL 


TO MOTORS 
Fig. 2—Diacram or Matin Power Circuit with Two TRIPLE 
PREVENTIVE CoILs 


A single-phase commutator motor of approximately 
625 hp, one hour rating, designed for 25 cycles per 
second operation and at a terminal voltage of about 285 
volts, consumes a current of approximately 2,000 
amperes. This same motor, built for 16 2/3 cycles, 
could be designed for a voltage of approximately 400 
volts. Its current consequently would drop to about 
1,425 amperes. Assuming that a locomotive is equipped 
with four such motors, all of which are connected in 
parallel, the total one hour current of these four motors 
would be 8,000 amperes, and the maximum starting 
current approximately 14,000 amperes. Therefore, in 
the case of an arrangement as in Fig. 1, the one-hour 
current that is to be handled by each switch is 4,000 
amperes approximately, and for the arrangement 
shown in Fig. 3, only 8,000/4 or about 2,000 amperes. 

There are several reasons why reactance coils are 
introduced in the main motor circuit. 
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a. They are necessary to secure a relatively constant 
power flow to the traction motors during the transition 
period. 

b. They permit the employment of power control 
switches of smaller current carrying capacity than that 
corresponding to the total motor current. 

c. They permit reduction in the number of high-cur- 
rent terminals on the transformer. 

Most a-c locomotive control systems, however, using 
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3-FPREVENTIVE COWS 


TO MOTORS 
Fie. 3—Di1acramM oF Matn Power Crrcuit with THREE 
PREVENTIVE CoILs 


preventive coils during the transition period, show one 
very undesirable feature. 

Upon studying any one of the previously mentioned 
wiring diagrams, we find the following conditions, which- 
are characteristic to all of them. 

Part D of Fig. 5, represents a section of the low- 
voltage winding of a locomotive transformer. On each 
running step two switches will be closed. Assuming the 
switches 1 and 2 are closed, the motor current I, is 
composed of J,/2 amperes flowing from transformer tap 
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Fig. 4—SrQuence DiaGRamM OF SWITCHES FOR Fig. 3 


D,, over switch 1 through leg A,—C;, of the preventive 
coil. The other J,/2 amperes, flow from transformer 
tap D. over switch 2 through the leg B,—C, of the 
preventive coil. At the point C,, the two currents join 
to become J,. The potential of point C, is just half-way 
between the two taps D, and D,. However, with an 
arrangement as shown in Fig. 5, the ampere turns of 
the two windings Ai—C, and B,—C, compensate each 
other. In order to reach the next higher running step, 
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switch 1 must open before switch 3 closes, as otherwise 
the respective portion of the transformer would be 
short-circuited. 

It is evident that for a moment, after switch 1 has 
opened, but before 3 is closed, the entire motor current 
J, flows from transformer tap D- over switch 2 through 
the winding B,—C;, of the preventive coil. The winding 
B,—C, now carries almost twice the current that it did 
before and since winding A,;,—C, has no current at all 
at this moment, the ampere turns of winding B,—C,; 
are now also about twice of what they were before 
and are not compensated any more with the result that 
winding B,—C, now acts asa highly saturated reactance 
coil. The entire motor current J,, which now fiows in 
the circuit is, however, somewhat lower than what it 
was before, on account of the inductive voltage drop of 
the now uncompensated preventive coil part B,—C;. 
An instant later switch 3 closes, hereby again establish- 
ing the original balanced conditions in the preventive 
coil. The current J, that now flows in the circuit is 
higher than that before the transition was made, be- 
cause the system through switches 2 and 3 is now con- 
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Fig. 5—D14acram or Untr Swircs ann Preventive Com 
Controt System 


nected to transformer taps of higher voltage. The sud- 
den changes in the magnetic conditions of the pre- 
ventive coil are a source of voltage surges which can be 
detrimental to the apparatus connected to it. The 
above mentioned variations of the motor current are 
felt in very undesirable fluctuations of the torque of the 
motor. These fluctuations can have a decidedly bad 
influence during the starting period of the locomotive 
when the accelerating forces are close to the adhesive 
limits of the locomotive. 

It is possible to minimize the voltage surges during 
the transition period somewhat by introducing a re- 
sistance H across the terminals A ,— B, of the preventive 
coil. In order to minimize the losses in this resistance 
H, it is advisable to provide a switch G, as shown in 
Fig. 5. This switch is closed during the transition 
only. é 

C. Control System with Bridging Resistances. For 
many years efforts have been made to eliminate the 
above mentioned undesirable effects and to produce a 
control system which would give smooth acceleration. 

In the writer’s opinion, this can be obtained when the 
transition from one tap to the next one is accomplished 
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with a bridging resistance. This can be done in two 
ways: 

1. Tap-changing by means of a bridging resistance 
takes place on the low-tension side of the locomotive 
transformer. 

2. Tap-changing by means of a bridging resistance 
takes place on the high-tension side of the locomotive 
transformer. 

D. Low-Tension Tapping Switch Control System. A 
satisfactory low-voltage power control system of single- 
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Fic. 6—Di14ceau or Mars Powze Crecorr wire Low-TEenssiox 
Tarrixe Swiree 


phase locomotives, one that assures smooth transition 
from one transformer tap to the next one, is illustrated 
in principle in Fig. 6. It is used to a very great extent 
abroad where more than 300 single-phase locomotives 
are equipped with it. In this system the number of 
taps on the transformer are equal to the number of 
running steps of the locomotive. Each transformer tap 
is connected to a block contact, X,—X. of the tap- 
changing apparatus. 

Two brushes M and N, (one main and one auxiliary 


Fig. 7—Tarrixnc Swires wire Six Azcrxe Swrrcses ror 
Tuere 800-He Sivene-Poasz Moroes 


brush) are arranged in such a way that they can be 
moved along the block contacts by means of a screw E. 
The main brush M is constantly in contact with busbar 
F, whereas the auxiliary brush N is always connected 
with busbar G. The operating screw E is usually 
motor driven, but manual operation is also easily 
possible. Busbar F connects with switch Y.; busbar G 
through the damping resistance D, connects with 
switch Y:. The operation of this tap-changer is as 
follows: 
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Assuming that brush M is on block contact X, 
(running position 1, for instance), when switch Y, on 
account of its connection with crank shaft H, is closed, 
and the current flows directly to the motors. The 
auxiliary brush N is now between block contacts X, 
and X», so that no current can flow through it. Further- 
more, switch Y» being connected with crank H», which 
is opposedly located to H,, is open. To make the transi- 
tion from tap 1 to tap 2, the screw is rotated in such a 
direction that both brushes M and N move towards 
block contact X». The auxiliary brush N reaches block 
X>, before switch Y> is closed. Switch Y». now closes 
so that the motor current flows over the two arcing 
switches Y, and Y>. A short circuit between the two 
transformer taps 1 and 2, is prevented on account of 
the resistance D, which is in the circuit of the auxiliary 
switch Y:. Before the main brush M, however, leaves 
block contact X,, switch Y, breaks that circuit and the 
current flows now only through the auxiliary brush N, 
busbar G, resistance D, and switch Y. (which is now 
closed) to the motor. An instant later, the main brush 
M leaves contact X,;. Both brushes move on until the 
main brush M has made contact with block X».. Now 
arcing switch Y, closes again and both brushes carry 
the motor current for one moment. An instant later, 
arcing switch Y» is opened, so that no current is broken 
when the auxiliary brush N leaves block X.. The same 
cycle as illustrated is repeated whenever a change to 
another transformer tap is performed. With this ar- 
rangement, it is, therefore, possible to accomplish tap 
changing under load, without any current interruptions, 


Fig. 8—Tappine Switcu with Four ARcING SwITCHES FOR 
Two 1,250-He Sinaute-Poase Morors 


at the brushes M and N. All arcing is done by the 
arcing switches Y, and Y».. The number of such arcing 
switches naturally depends on the current capacity and 
number of the main motors. Fig. 7 shows such a tap- 
changer having six arcing switches built for the control 
of three 800-hp single-phase motors. Fig. 8 shows a 
similar tap-changer built for the operation of two 1,250- 
hp single-phase twin motors having four arcing switches. 
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As can be seen from Figs. 6, 7 and 8, the number of 
current-breaking switches is greatly reduced when com- 
pared with any other control system. For quick power 
interruption at any operating step, we recommend the 
insertion of an electrically or pneumatically operated 
switch into each motor circuit. 

The advantages of this control system, oneal are 
quite numerous. From an operating standpoint, it has 
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A. Locomotive equipped with tapping switch control system 
B. Locomotive equipped with preventive coils and unit switch control 
system 


been experienced that a locomotive equipped with such 
a control system operates exceedingly smooth, due to 
the absence of any undesirable current variations during 
the transition periods, and particularly during the 
period of acceleration, no jerking or shocks of any kind 
can be felt. The result is that locomotives with this 
type of control have considerably less tendency to slip 
the wheels. The tapping switch control system, 
furthermore, is lighter and requires less space than a 
contactor control system, and the maintenance cost of 
it is lower. The tapping switch, furthermore, can be 
built together with the locomotive transformer in such 
a way that very short copper connections between 
transformer and control apparatus are required. 

That the transition of control steps of a locomotive 
with tapping switch control usually are exceptionally 
smooth, is clearly shown in Fig. 9, which shows the 
starting diagrams of two single-phase locomotives which 
were built for the same service requirements. Both 
diagrams were recorded by theindicator of a dynamome- 
ter car on the same day and with the same train 
(weight 520 tons). The diagram for locomotive A 
shows conditions for a locomotive with tapping switch 
control, whereas, the curves for locomotive B represent 
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those of a locomotive with preventive coils and unit 
switch control system. The bottom curve shows the 
tractive efforts measured at the draw bars of the loco- 
motives, whereas the top line indicates the speed of the 
train. Upon comparing the two characteristics, it will 
be noted that the tractive effort variations during each 
transition for locomotive B, reach approximately 15,500 
Ib: for locomotive A, they amount to about 5,000 lb, 
that is, are reduced to less than one third of the above 
value. Locomotive B incidentally was. accelerated 
somewhat faster as is indicated by the shorter time that 
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Fig. 10—Diacram or Main Power Circuit or SINGLE-PHASE 
LocoMoTIvVE witH HicH-TENSION TAPPING SWITCH 


was required to reach a certain train speed. A reduc- 
tion of the accelerating rate of locomotive B will not 
eliminate the oscillations shown in the diagrams, 
although they might be reduced somewhat in their 
magnitude. 

It would, however, be unjust to ascribe the above 
mentioned conditions entirely to the electrical control 
system used in each locomotive. It is not only the 
control system that is responsible, for what is being 
measured at the drawbar of a locomotive, but also the 
kind of mechanical transmission that is interposed be- 
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tween driving motor and locomotive wheels, and the 
kind of spring arrangement of the couplers. In the case 
of the above mentioned comparisons, each motor of 
locomotive A was equipped with a flexible pinion, a 
solid gear and a Brown Boveri individual axle drive 
(Buchli gear). The only flexible member in this entire 
drive system is the spring pinion. The BBC individual 
axle drive does not permit any angular displacement 
between the driving and driven parts. Locomotive B 
was equipped with solid pinions and gears, but as the 
flexible medium between the gear and the driving 
wheel, a spring quill drive was used. The flexibility of 
this quill drive is considerably greater than that of the 
flexible pinion of locomotive A, with the result that 
certain motor torque variations created by the control 
system are magnified on account of possible angular 
oscillations of the motor armatures with regard to the 
axles. 

The above discussion does not particularly mention 
the ways in which the various switches in each control 
system are controlled. There are numerous ways to 
accomplish this. Most unit switch control systems use 
either electropneumatically or electromagnetically oper- 
Other systems utilize a cam shaft, 
which when rotating, closes the switches in a prede- 
termined sequence. In a control system as shown in 
Fig. 6, representing a tapping switch arrangement, no 
special interlocks are necessary either, as the crank 
shaft and the screw automatically synchronize the 
arcing switches and the moving brush contacts. 

We have previously mentioned that the current 
capacities which have to be handled on the secondary 
side of a high-powered single-phase locomotive, reach 
quite high values. This means that all apparatus in- 
serted in that circuit, such as unit switches, tapping 
switches, preventive coils, reversers and all copper inter- 
connections between the various apparatus, must be 
designed to carry these currents. 

E. High-Voltage Tapping Switch Control System. A 
new control system, which disposes of all:the compli- 


Fig. 11—Sinein-Puase Locomotive with Higo-TEnsion Controu or 3,750 Hr, 1 Hour Ratine wits Sipr Waits Removed 
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cated and heavy low-tension apparatus of single-phase 
locomotives, has recently been developed. It has been 
put into successful operation on some large locomotives 
on the Swiss Federal Railways. With this system, the 
motors with their reversers are directly connected to the 
low-tension terminals of the transformer. This is ac- 
complished by shifting the voltage regulation to the 
high-tension side of the transformer. Fig. 10 shows the 
principal diagram of the high-tension control system. 
The high-tension current collected from the overhead 
wire, flows into the high-tension transformer coil: B. 
This coil is equipped with a certain number of taps 
X,—X,. When starting the locomotive, the tap chang- 
ing elements gradually move from tap X, towards the 
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be carried by all apparatus in that circuit. If the same 
locomotive is equipped with high-tension control, it is 
evident that during starting, when the low-voltage 
control system carries the heaviest currents, the high- 
tension control carries only a comparatively small cur- 
rent. In the case of the above mentioned locomotive, 
and for 11,000 volts on the high-voltage side, approxi- 
mately 350 amperes. 

The entire tap changing under load operation, is in 
this case accomplished by the tap changing unit which 
operates sparklessly and two sparking switches. Since 
this tap-changer has to handle any voltage up to the 
full overhead line potential, but since it never breaks 
the current, it is logical to build it together with the 
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Fig. 12—ARRANGEMENT OF APPARATUS OF 3,750-Hre SincLE-PHAse LocoMoTIVE 


Single-phase a-c express locomotive; type: 1Bo 1Bol with high-tension switchgear. 


hour rating of motors: 3,750 hp 


tap X,. At this last tap the coils C,—C, obtain full 
potential, and, therefore, also the motors which are 
connected to winding C.. Switching from one tap to 
the other one is accomplished in the same manner as 
with the tapchanger shown in Fig.6. Thesame smooth 
operating characteristics are, therefore, obtained as with 
locomotive A of Fig. 9. The principal difference, how- 
ever, in addition to extreme simplicity is, that the high- 
tension tapchanger carries comparatively small cur- 
rents, as is indicated by the following. 

A single-phase locomotive for operation on an 11,000- 
volt, 25-cycle, a-c system having four 625-hp motors, 
two of which are permanently connected in series, and 
the two groups in parallel, draws approximately 6,500 
to 7,000 amperes during the start, which current must 


Tractive effort—one hour = 37,700 lb at 38.55 mph, one 


main transformer and to submerge it in oil in order to 
obtain better insulation. This arrangement gives very 
small dimensions. The oil insulation, furthermore, pro- 
vides excellent automatic lubrication and good cooling 
of the apparatus. It is, of course, also possible to 
connect the high-tension tap-changer to an air-blast 
transformer. In that case the advantage, namely; that 
of an unusually large saving of space encountered with 
the oil transformer and tap-changer unit will be greatly 
minimized because the leads connecting the high-ten- 
sion transformer winding with the tap-changer, and 
spacing of taps within this apparatus itself, must be 
spaced considerably wider on account of being in air. 

A locomotive with side walls removed and equipped 
with such a high-tension control system, is shown in 
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Fig. 11. Fig. 12 gives the general arrangement of 
apparatus for the same locomotive. Fig. 11 shows 
particularly how accessible the motors become, due to 
the absence of a great many low-tension apparatus, 
which in other locomotives fills the entire cab. 

The oil transformer built together with the high-ten- 
sion controller is located in the middle of the locomotive 
as one unit. At the left end of the cab, the oil cooling 
unit can be seen. The control apparatus that are 
located opposite the railway motors are necessary be- 
cause this particular locomotive is equipped for re- 
generative braking. Fig. 13 illustrates the oil trans- 
former mounted over the middle idling axle and plainly 
shows how the tap-changer is attached directly to the 


13—ARRANGEMENT OF TRANSFORMER IN MIDDLE OF 
LOcoMOTIVE 


Fie. 


transformer housing. The two contactors X, and Y, 
of Fig. 10, are outside of the transformer tank, ar- 
ranged in such a way that by means of a cam shaft they 
are always synchronized with the tap-changing unit so 
that no current is broken within the oil tank. We have 
thus, a control system that utilizes only two arcing 
switches for the entire main power control range of the 
locomotive. It is expected that the erection and 
maintenance cost of a locomotive will appreciably be 
reduced with this new control system. 

Besides simplifying the arrangement and improving 
the accessibility of the main motors within a locomotive 
cab, this new control system also permits a reduction of 
the weight of the electrical equipment. This is shown 
in the following indicated weight comparison, which is 
for an 11,000-volt, 25-cycle a-c locomotive, equipped 
either with the high-tension tapping switch control or 
with a unit switch control system. No weights are 
indicated for apparatus that is common for both con- 
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trol systems, but only those that differentiate each 
locomotive from the other. The locomotive in question 
is equipped with four 850-hp single-phase railway 
motors. 


A. Locomotive with Unit Switch Control System 


Air blast main transformer—3,500 kva.:................. 
TOS AH PEMA OI ee eo or kL ow cn adda eacceee see ee 4,500 Ib 


Approximately 22 contactors, including mounting frames. ... 5,000 Ib 
Blower group for transformer and preventive coils.......... 2,800 Ib 

Copper connectors between transformer, preventive coils and 
SWC CEONDR eee gies eo nis 2 'a.s 0.0 u's std a wien bees 1,500 Ib 
dette! bs So BG ee eee 39,300 Ib 


B. Locomotive with High-Tension Control System 
Oil cooled main transformer—3,500 kva (including oil)...._. 27,000 Ib 


High-tension tapping switch, including pilot motor drive. ... 1,300 Ib 
Oil cooler complete and oil pump......................6- 4,800 Ib 
Oil 7a; pipes'and coolip mani. 224 see = Aon. aka oe So dees ade 600 Ib 
"TOBA. Sekai aie eee eae eres wine ate i ninl/a eam Si ate 33,700 Ib 
Lecomotive A—total.... cc cadas soneneen ewesn cu 39,300 Ib 
Locomotive B—Total . . o. ces eee as caw oss ee ss 


33,700 Ib 


Discussion 


C. J. Axtell: One of the points of the paper upon which the 
writer comments is in regard to the acceleration charts (Fig. 9). 
Two differences exist in these two locomotives, viz., locomotive A 
has a resistance type of transition and also a type of mechanical 
drive between the motor and the driver which offers but a very 
small amount of flexibility. Locomotive B has a preventive 
coil type of transition in changing from one transformer tap to 
another and also a spring quill drive giving much more flexibility 
between the armature shaft and driver than locomotive A. 

In the accelerating chart of locomotive B, it will be observed 
that the draw-bar pull when power was applied to the motors 
on the first point had the greatest oscillation shown at any point 
on the eurve. However, on this point the transient conditions 
described as taking place when transferring from one tap to 
another are not present, consequently we must look to something 
other than the control as the cause of this oscillation. On the 
succeeding notches the curves show the oscillations prolonged for 
from 10 to 15 seconds duration. Any electrical transient set up 
would be over entirely in a few cycles, consequently this too 
points to causes other than the type of control as contributing 
the principal influence in setting up these oscillations in tractive 
effort. Tests that have been made show that the flexibility of 
the drive can produce exactly the results shown in the charts. 

In the scheme of control involving high-tension switching as 
shown in Fig. 10, the comparison of weights of the transformers 
is shown as 25,500 pounds for the single air-cooled transformer 
and 27,000 pounds for the oil-cooled transformer used with high- 
tension switching. Since this latter system involves the use of 
two-autotransformers with the magnetic structure so arranged 
as to give interlinkage of flux, it wouid seem that such a small 
difference in weight of the two transformers largely is accounted 
for in the designs due to different methods of cooling rather than 
due to the different methods of switching. 

C. Kerr, Jr. and F. B. Powers: Fig. 9 shows the notehing 
for two types of locomotives, one with tap changes and one with 
preventive coils. This is not a fair comparison. The locomotive 
with preventive coils was accelerated at a 30 per cent faster rate. 
so that the increment naturally will be greater. Secondly, the 
same figure, an increment of 15,500 lb is shown with the pre- 
ventive coil. With modern designs of preventive coils with 
suitable air gaps, increments as shown by Mr. Giger are not 
eneountered, and to compare the two systems justly, properly 
designed preventive coils should have been used. 
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A tap changing control using a bridging resistor must provide 
sufficient capacity in the resistor to handle the main motor 
current continuously. Otherwise, a failure of the control which 
leaves the resistor in the cireuit will overload the resistor. 

The weights given by Mr. Giger in the last paragraph of his 
paper do not compare favorably with present American practise. 
The figures given by Mr. Giger and present practise are com- 
pared below: 


Present 
Mr. Giger’s American 

weights practise 

Air blast transformer—3,550 kva........... 25,500 Ib.......22,000 Ib 
Three Preventive Cols. hae eee eee 4.500 1D: soo 46 2,550 Ib 
22 contactors, including supports........... 5,000 l1b....... 2,450 Ib 
Blow? SOUP 2-5 ok stirs Cee ee eas, Sa wr eI ore 2.800: AD ssc08 26 1,000 Ib 
OGpPHEP CONnECHONE 2. oo.) ese cs Ce pees 1,500 Ibsoe ee 2,700 Ib 
39,300 1b-+ 2222 2 30,700 Ib 


Mr. Giger gives a weight of 33,700 lb for the high-tension tap 
changing equipment comparable to the above weight of 39,300 
Ib. As this locomotive has been built, we presume this weight 
to be correct. Therefore, instead of a saving of 5,600 lb over the 
system now used, as indicated by Mr. Giger, the high-tension 
tap changing equipment would weigh 3,000 lb more, provided 
the air blast equipment and switches were made comparable to 
the latest locomotives placed in service in this country. 

The limitations of the preventive coil notching scheme have 
been appreciated for some years. Simultaneously, the advantages 
of the tap changing type of control have been fully appreciated. 
In this discussion we have attempted to give a comparison be- 
tween the two systems, without condemning either, but we feel 
that the tap changing system, as at present developed, is not the 
final answer to the ideal control. 

Walter H. Smith: The two curves illustrated in Fig. 9 are 
somewhat of a mystery, since the writer never has been able to 
record with the oscillograph, armature current surges with a 
properly designed preventive coil while switching, sufficient to 
give as great tractive effort variations as indicated here. I¢ is 
granted that it is possible to more nearly realize the ideal condi- 
tion outlined in Mr. Moore’s paper! with resistors. However, with 
properly designed preventive coils applied at the same place in the 
circuit as resistors, their performance will so closely duplicate 
the resistor that it is doubtful whether an operator would know 
the difference. It might also be pointed out that experience in 
America with resistors in alternating-current traction circuits 
has been unsatisfactory. 

It will be seen that the two locomotives, A and B, although 
designed for the same scheduled speeds and service are different 
in that locomotive A has about 30 per cent less accelerating rate 
than B. Locomotive A uses resistors for changing taps on the 
high side of the transformer while B uses preventive coils on the 
low side. It should be noted further that the drives that are 
furnished by two independent manufacturers, are different, 
which may to a large extent, account for some of the differences 
in the dynamometer record. In the writer’s opinion if properly 
designed preventive coils were substituted in place of the re- 
sistors on locomotive A and the two performance curves com- 
pared, an entirely different picture would be presented. 

In regard to the high-tension tapping switch system of control 
outlined in Fig. 10, the writer believes that with the present 
knowledge of insulating materials, the art has reached a stage 
where this system has possibilities. High-tension tapping was 
advocated by the writer for multiple unit cars as far back as 
1923 because it was believed at that time that it could be built 
lighter, more simple, and was best suited for that service. 

It is pleasing to see that it has been revived again in America 
and it is hoped that in the near future we shall be able to see a motor 
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ear or locomotive of this type in service. With the advent of 
the high-speed transformer station trolley breaker all previous 
objections to this system of control probably will be eliminated. 
Mr. Giger’s paper has laid considerable stress on its great sim- 
plicity and states that only two contactors are required. Experi- 
ence in America has shown that a single contactor cannot be 
relied on always to open the circuit. For this reason additional 
contactors will be required. A circuit leading to traction motors 
should be interrupted in at least two places when eutting off 
power. 

In this diagram, parallel connections for all motors are indi- 
eated. This is the greatest assurance that we have against 
slipping traction wheels and the resulting damage to motors that 
may occur. Mr. Giger has said very little about this and the 
writer would like him to tell us more about this point and also 
the practise in Europe as regards parallel motors. 


W. A. Giger: Mr. C. J. Axtell is not quite correct in his as- 
sumption that the oscillation on the first point is the greatest 
one. The maximum tractive effort peak of 33,000 lb was reached 
on the third step. The first three operating steps are very close 
together and show peak values of approximately 15,000, 23,000 
and 33,000 lb, respectively. Upon close investigation it can, 
be seen however, that at each transfer the current first dropped 
considerably before it jumped to the value corresponding to the 
higher voltage tap. No oscillations are shown for the first two 
steps, because the engineer advanced his master controller 
quite fast up to the third position, where he was forced to wait 
because the maximum tractive effort was reached. If a time 
delay had been made at the first and second steps, the same 
general characteristic of lower magnitude would have been 
registered, as is shown for the higher taps. The oscillations are, 
as correctly stated by Mr. Axtell, taking place in the mechanical 
parts of the drive system, but the initiator for them is found in 
the current and consequently torque variation of the motor 
armature during the transfer. By employing a somewhat 
different mechanical transmission between motors and locomotive 
wheels, probably one that contains some damping elements, the 
oscillations could be checked very readily and would disappear 
after a very few cycles. As Mr. Axtell furthermore correctly 
states, the comparatively small difference in the weight of the 
standard low voltage control transformer and the high voltage 
control transformer actually is due to the utilization of oil cooling 
for the latter. Regardless of this, however, remains the fact 
that the high tension control apparatus weighs only 1,300 lb 
as against about 9,500 lb for contactors and preventive coils, in 
ease of the low voltage control. 


Referring to the discussion by Messrs. C. Kerr, Jr. and F. B. 
Powers, the author wishes to point out that the two locomotives, 
the starting conditions of which are shown in Fig. 9, were built 
by different firms for the same service conditions. It certainly 
cannot be said that comparison of them is not fair, because one 
type of locomotive was equipped with a substantially better 
system of control. Both firms were at freedom to use whatever 
they felt would comply with the specifications. The fact that 
one locomotive was accelerated faster during the test does in no 
way indicate that the oscillation characteristics to locomotive 
B would disappear if the same acceleration would be used. 
However, since no other diagrams were available, the ones at 
hand had to be used and it was brought out clearly in the paper 
that a reduction of the accelerating rate would reduce the swings 
in their magnitude, but would not eliminate them. The author 
has been able to establish for himself on a number of the latest 
a-c railway vehicles in this country the fact that even modern 
designs of preventive coils will not give such a smooth start (for 
the same number of operating steps) as the resistance bridging 
method equiped with preventive coils. 

Contrary to the indication made by Messrs. Kerr and Powers, 
it is not necessary to provide bridging resistors capable to carry 
the entire main motor current continuously. About 360 loco- 
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motives and motor ears are in satisfactory operation with such 
resistors, yet not a single one has been designed for carrying the 
motor current continuously. 

The weights for parts of modern single phase locomotives, as 
indicated by Messrs. Kerr and Powers are quite interesting if 
compared with those given by the author. However, we do not 
believe that they are on a comparative basis. Particularly re- 
ferring to the weight of 22 contactors, we hardly believe that 
the weight of the mounting frames is included in the 2,450 lb, 
but this weight was included in our case. It hardly seems possi- 
ble to design a switch of the required capacity, including mount- 
ing structures with a weight of only about 110 lb, unless a system 
of electrically connecting the motors is assumed, to which we 
would not agree. The blower group as indicated by Messrs. Kerr 
and Powers is to have a weight of 1,000 lb. It would be quite 
interesting, however, to know what rating has been assumed for 
this blower group. Our estimates, which are also based on 
present American practise indicate a weight of the blower motor 
alone of about 1,200 lb. This does not include any starting 
equipment, such as reactors, ete., nor the blower wheel and 
housing. It must, however, be added that the transformer 
weight of 27,000 lb, as given for the high tension control system 
by the author, contains approximately 4,000 lb of oil, so that the 
actual weight of the apparatus is only 29,700 lb. If the weight 
indications of Messrs. Kerr and Powers are based on the same 
motor combinations and the same ratings per locomotive, then 
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it can be shown that the high tension control still is lower in 
weight, than any low voltage control system. At this point 
refer to the weight of the locomotive shown in Figs. 11 and 12 of 
the paper. The transformer, including control and connections 
between transformer and control apparatus, weighs approxi- 
mately 36,000 lb, as executed with the high tension control, 
whereas if built with the low tension control with low voltage 
tap changer, (which itself is already lighter than a contactor 
control system) it would have had a weight of about 41,000 Ib 
or a difference in favor of the high tension control of about 5,000 
Ib. 

With regard to the discussion of Mr. W. H. Smith and to the 
high tension control, the writer wishes to state that it is possible 
easily to provide a contactor for each motor or motor group on 
the low voltage side, in order to have a switching element that 
will take care of overloads or interruptions. Such contactors 
have been proposed already in a great number of ears, in order 
not to be dependent entirely on the two arcing switches which 
take care of the tap changing operation. 

With regard to the parallel connection of the driving motors 
in single phase locomotives, the writer wishes to point out that 
this arrangement is used almost exclusively in Europe. Motors 
are connected in series only when they are connected mechani- 
cally together, such as is the case with twin motors working on 
the same gear, or motors working on different driving axles, but 
connected by side rods. 


The Professional Development of the Engineer 
BY R. I. REES! 


Non-member 


N considering the objectives of education, there has 
been much confusion in the definition of terms. For 
many years past there has been heated discussion 

concerning the relative values of general and specialized 
education and also between culture and technology. 
Educational psychology, in its study of the basic 
fundamentals of learning, has made evident that there 
is no distinction between general and specialized educa- 
tion. In fact, there is no such thing as general education 
—all learning is a series of specializations. Nothing can 
be learned without giving undivided attention at any 
given time to a specific subject. 

The child, from the day of his birth, focuses his 
attention upon a series of accomplishments which seem 
most important to him in getting along in the world. 
Impatient with his slow progress in crawling upon all 
fours, he determines to imitate his elders and learn to 
walk on his own two feet. He concentrates his whole 
effort upon this one objective and masters it. As a 
next step, finding difficulty in making his wants known 
through cries, smiles, and wriggles, he determines to 
learn to talk, and this effort becomes his focus of con- 
centration. 

Using these simple but most difficult achievements 
during our childhood simply as illustrations of distinct 
specializations in the learning process, do we not realize 
as individuals, that our whole progress of development 
through life is made up of ascending series of specializa- 
tions or focuses of concentration? At the period of life 
in which we find ourselves today, the major focus of our 
concentration is on our job, with minor concentrations 
demanded of us by our environment. But let us bear 
in mind that when our attention is given to any par- 
ticular subject, we are at that moment specializing. 
So let us have done with specious argument concerning 
general and specialized education. Our professional 
development depends upon the wisdom with which we 
plan a sequence of concentrations on subjects and things 
to be done, which will promote the highest degree of 
progress toward the objectives of our careers. 

Just a word concerning the argument demanding that 
there be distinction between cultural and technological 
education. It seems to the writer that Professor White- 
head of Harvard has done away with this argument in 
the development of his educational philosophy. He 
divides all culture into three parts—the literary culture, 
the scientific culture, and the technical culture. The 
literary culture has to do with the mastery of language, 
a knowledge of history, some social science, and philos- 

1. Vice president, American Telephone & Telegraph Co., 
New York, N.Y. 
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ophy. The importance of the scientific culture is that 
it evokes logical thought involving the inductive and 
deductive methods. The two latter he picturesquely 
describes as the logic of discovery and the logic of the 
discovered. Through such a discipline the laws of 
nature are evolved. Technical culture develops the 
power to apply the principles of science to productive 
effort. It is the growth of manual and intellectual skill. 
He makes the point that no one of these cultures is 
complete in itself, but must be strengthened by some- 
thing from the other two. When developed into a 
curriculum, it becomes a question of emphasis. Is it 
not implicit in this argument that engineering includes 
two of the basic cultures, and, in the present liberaliza- 
tion of its curricula, embraces to a considerable degree 
the literary culture also. In meeting the demands of 
our modern civilization, engineers may take satisfaction 
in knowing that their culture, more fully than any 
other, satisfies the fundamental demands of modern 
society. Apology is here offered for this very meager 
treatment of certain elements in educational psychology 
and philosophy which seem of importance to the engi- 
neer. 

Particularly in the light of the great improvements 
which have been made during recent years in engineer- 
ing education, it is safe to assume that the fundamental 
concentrations involved have formed sure foundations 
for progress in the engineering profession. But what of 
post-college professional development? 

It is clearly realized that graduation from an engi- 
neering school does not, in and by itself, make a pro- 
fessional engineer. Numbers of years of experience and 
further intellectual development are needed before full 
recognition of professional status can be awarded. 
Progress toward full professional recognition depends 
almost exclusively upon the ambitious effort of the 
individual, realizing that education is a lifelong effort, 
and ends only when ambition ceases. Al through his 
undergraduate years, the student has received intimate 
guidance from the faculty, and has not had the re- 
sponsibility, after selecting his curriculum, of planning 
his own development. After graduation, the respon- 
sibility rests with him to plan his future development. 
Of course, as has been said before, his plan of develop- 
ment must grow out of the demands laid upon him by 
his first job. Experience in the practice of engineering 
contributes most to professional development, but 
constant thought is needed coming out of the impacts 
of his experience, indicating the sequence of concentra- 
tions which are needed for his intellectual development. 

While it is true that this development coming out of 
continuing education is a matter of individual respon- 
sibility, the engineering profession has come to realize 
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that it can be of service to the young engineer in giving 
counsel and advice which will be helpful to him in his 
progress toward full professional recognition. This 
brings the writer to a description of a movement which 
has been growing steadily during the past two years and 
which has come to fruition in the formation of the 
Engineers’ Council for Professional Development. 

Far-sighted engineers for a number of years past 
have been urging concerted action by the engineering 
societies, looking toward the enhancement of the pro- 
fessional status of the engineer. The investigation of 
engineering education carried on by the Society for 
the Promotion of Engineering Education stimulated the 
realization that there must be closer cooperation be- 
tween the engineering schools and the engineering pro- 
fession. About three years ago the American Society 
of Mechanical Engineers appointed a committee to 
investigate the economic status of the engineer. The 
report of this committee was read at the annual meet- 
ing of the Society in December 1931, by its chairman, 
Mr. Conrad Lauer. As bearing on the subject of this 
paper, the committee reported 2 significant conclusions. 
One was that more important than his economic status 
was the higher professional and social development of 
the engineer; the other, that an effort looking toward 
the enhancement of the profession and the development 
of the engineer would require joint action by all the 
major engineering societies. 

Coincident with the submission of this report, Mr. 
Lauer became President of The American Society of 
Mechanical Engineers. He proposed a conference of 
the 4 founder societies and the Society for the Promo- 
tion of Engineering Education. The following is a short 
extract from his letter of invitation: 

“Through this study (on the economic status) our 
committee has come to the realization that if the eco- 
nomic status of the profession is to be improved, the 
professional and social status must be improved as well. 
The profession itself must establish standards for 
selecting engineering students, must cooperate in their 
formal education, must take an important interest in 
their post-college training, and must provide a suitable 
goal of achievement. 

“With this in mind our Council has approved a pro- 
gram entitled, ‘Certification into the Profession,’ a copy 
of which is attached, and has requested me to extend to 
you an invitation to appoint three representatives to 
meet with representatives of the other societies to dis- 
cuss the possibilities of joint action, and initiate a pro- 
gram of such action.” 

The first conference, having for its membership 3 
delegates from each of these 5 societies, met in February 
1982, approved the proposal for joint action in principle, 
and directed the chairman to appoint a planning com- 
mittee and to invite representation to a subsequent 
conference of 2 other organizations, the American Insti- 
tute of Chemical Engineers, and the National Council 
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of State Boards of Engineering Examiners. The 
Planning Committee prepared a report which was sub- 
mitted at a conference meeting held on April 14, 1932, 
and the plan submitted for the professional development 
of the engineer was given careful consideration, revised 
somewhat, and approved by the conference. The action 
taken at this conference was to submit the plan for 
adoption to the Governing Boards of the participating 
organizations. The plan was submitted to the So- 
cieties at their spring and summer meetings, the final 
approval being recorded by the American Institute of 
Mining and Metallurgical Engineers on October 21, 
1932, insuring participation of all 7 organizations. The 
list of participating organizations is as follows: 

American Society of Civil Engineers, American 
Institute of Mining and Metallurgical Engineers, 
American Society of Mechanical Engineers, American 
Institute of Electrical Engineers, American Institute of 
Chemical Engineers, Society for the Promotion of 
Engineering Education, and the National Council of 
State Boards of Engineering Examiners. 

The Engineers’ Council for Professional Development 
is a conference of engineering bodies functioning to 
enhance the professional status of the engineer through 
the cooperative support of the national organizations 
directly representing the professional, technological, 
educational, and legislative phases of an engineer’s life. 
To this end, it aims to coordinate and promote efforts 
and aspirations directed toward higher professional 
standards of education and practise, greater solidarity 
of the profession, and greater effectiveness in dealing 
with technical, social, and economic problems. As 
constituted, the Council has three delegates from each 
of the participating organizations. 

The immediate objective of the Council is the de- 
velopment of a system whereby the progress of a young 
engineer toward professional standing can be recog- 
nized by the public, by the profession, and by the man 
himself, through the formulation of technical and other 
qualifications which will enable him to meet minimum 
professional standards. 

The Council’s program for professional development 
might briefly be described as follows: 

First, to develop further means for the educational 
and vocational orientation of young men with respect 
to the responsibilities and opportunities of engineers, in 
order that only those may seek entrance to the profes- 
sion who have the high quality, aptitude, and capacity 
which are required of its members; 

Second, to formulate criteria for colleges of engineer- 
ing which will insure to their graduates a sound edu- 
cational background for practising the engineering 
profession; 

Third, to develop a program for the further personal 
and professional development of young engineering 
graduates and a program for those without complete 
formal scholastic training; 
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Fourth, to develop methods whereby those engineers 
who have met suitable standards may receive corre- 
sponding professional recognition. 

Concerning the method of operation, the Engineers’ 
Council for Professional Development will, from time to 
time, recommend tothe governing boards of the partici- 
pating bodies, procedures considered to be of value or 
significance in promoting the general objective and will 
administer such procedures as have been approved by 
those boards. 

Considerable progress has been made in the organiza- 
tion of the council. An executive committee has been 
appointed from the membership, composed of one 
member from each of the participating organizations. 
The organization of other committees is now in progress. 
Their duties are considered to lie in certain distinct 
fields, arranged in a time sequence contributing to the 
full development of the young engineer. 

The Committee on student selection and guidance, 
as its name implies, will be responsible for developing 
ways and means to carry out the first element in the 
program. One significant contribution to the work of 
this committee already has been made through the 
publication by The Engineering Foundation of the 
booklet entitled, ‘“Engineering—A Career, A Culture.” 

The committee on engineering schools will devote 
its efforts to bringing about a high degree of cooperation 
between the engineering profession and the engineering 
schools. This cooperation will be tendered by the 
profession in a spirit of helpfulness, with a full realiza- 
tion that the responsibility for the development of 
engineering education lies with the engineering schools. 
One undertaking which seems to require immediate 
attention is that set forth in the second item in the 
program—the development of criteria for colleges of 
engineering which will insure to their graduates a sound 
educational background for practising the engineering 
profession. 

The committee on professional training will function 
on the third item of the program. It will endeavor 
to be helpful to the young engineer in arranging a pro- 
gram of personal development which will bridge the 
gap between graduation and full professional recogni- 
tion. The major part of this program, of course, will 
be experience, gained in the practise of the profession. 
This committee can be of most service in suggesting 
subjects for study which will contribute most to intel- 
lectual development and which will prepare the young 
engineer to meet the requirements set forth by the com- 
mittee on professional recognition. 

Much study must be devoted to determining the 
average length of time which the graduate must spend 
in preparing himself for full professional status. It will 
depend largely on the qualifications decided upon. 
Tentative discussion within the Council would seem to 
indicate that this period might cover 5 years after 
graduation, or a longer period for those men who have 
not had complete formal engineering training. 

The committee on professional recognition covering 
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the fourth element in the program will set the goal for 
full professional status. Again much study must be 
devoted to the determination of objectives and a defi- 
nition of the criteria which must be met. The nature 
of the award which will give evidence of full professional 
recognition must also be determined. Members of the 
Council, in preliminary discussion, suggested a number 
of awards, such as full membership in the professional 
societies, the granting of the professional degree by the 
engineering colleges, and licensure in those states re- 
quiring registration and license of engineers. In fact, 
professional recognition might include all three of 
these awards. Surely they are goals worth striving for, 
and will add much to the engineer’s prestige. 

Contemplating the program as a whole, it becomes 
evident that the Council is responsible for maintaining 
contact with the young man from the time he begins to 
think about his life’s career, as an applicant at the 
gates of his chosen engineering college, as a student and 
graduate, through his novitiate of practical experience, 
and further intellectual development, until that time 
comes when he stands beside his fellows, recognized as a 
professional engineer. It covers a spread of fully 10 
of the most vital years of a man’s life. Here is a cause 
worthy of the devoted service of every member of the 
great national engineering organizations. When the 
program begins to function it will require the active 
participation of divisions, local sections and chapters, 
and student sections, as well as all engineering schools. 
Success demands the united wisdom of the whole pro- 
fession. 


Discussion 


D. C. Jackson: The discussion aroused by this interesting and 
valuable paper by General Rees leads the writer to make a plea 
for support on the part of the engineering faculties (as well as 
the industrialists and practising engineers) for the new Engineers’ 
Council on Professional Development; and also to give some 
information regarding the constitution of that Council. 

As pointed out by General Rees, the Council consists of 3 
representatives chosen by the governing boards of each of 7 
societies, making a total of 21 members. 

The Council has a fairly numerous representation of engineer- 
ing faculties. The representatives of the Society for the Pro- 
motion of Engineering Education who are members of the new 
Council definitely represent that aspect. In addition thereto, 
several other societies have appointed members of engineering 
faculties among their representatives on the Council. Engineer- 
ing education therefore is well represented in the membership of 
the Council. The writer does not fear that this important aspect 
of professional development will fail in receiving full attention 
from the Couneil. 

The case of engineering education is a strong one but if it is 
not sufficiently strong to receive the degree of attention and 
support of the Council which it ought to receive, then it is de- 
sirable for those of us who are professionally associated with 
engineering education to review our case and make it so strong 
that it cannot fail to receive an appropriate recognition by the 
Council. We have recently made a definite review through the 
Board of Investigation and Coordination of the Society for the 
Promotion of Engineering Education, the results of which are 
reported in Volume I of the report of that Board which has been 
issued and. in Volume II which will soon be issued. If there is 


June 1933 


any doubt of the strength of the case for engineering education 
as provided in the engineering schools the writer commends a 
review of that report, and feels sure that you will be convineed 
that the situation is good and the attainments high; and also that 
due thought is being given in the engineering schools to maintain 
these attainments and also to improve upon them as rapidly as 
circumstances warrant. 

Assuming therefore that the status of engineering education 
is of a high order and that its achievements are formally laid 
before us in the aforesaid report, there may still be in the minds 
of some a question regarding the appropriateness of the personnel 
composing the Council. If such an attitude affects the mind of 
any one interested, I urge upon you to express your opinions to 
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Engineers, who I feel sure will gladly receive and suitably act 
upon suggestions regarding suitable appointments as our repre- 
sentatives on the Council. 

Moreover, long experience shows that the Council of the 
Society for the Promotion of Engineering Education is sensitive 
to the opinions of members of that society. If any who are 
members of that society doubt the wisdom of the selection of its 
representatives on the Engineers’ Council for Professional De- 
velopment, expressions of opinion sent to the Society through its 
Secretary will be appreciated and will be given full consideration. 

Some of us are members of other societies such as the 
American Society of Mechanical Engineers, or perhaps the 
American Institute of Chemical Engineers or the American 
Society of Civil Engineers or the American Institute of Mining 
and Metallurgical Engineers, and if any such feel reservations 
regarding the appointments as representatives on the Engineers’ 
Council it is appropriate in each instance to communicate with 
the governing board of the society concerned. 

The Engineers’ Council for Professional Development is a 
permanent body and the members are appointed for periods of 3 
years, except that this first group has memberships retiring at 
the end of 1 year, at the end of 2 years, and at the end of 3 
years, so that it is appropriate to express views at the present 
time respecting the appointees who may soon retire by virtue of 
the limitation of their first term. Hereafter an appointee will be 
designated by each society each year. 

The National Council of State Boards of Engineering Exami- 
ners appoints its representatives from its official body. Those 
representatives are men of professional standing and influence 
and my contact with them makes me satisfied that they also 
recognize the importance of the engineering schools in profes- 
sional preparation for the engineering field. 

Taking it all in all I think we may well be satisfied with the 
arrangement of the new Engineers’ Council for Professional 
Development, and I urge upon you the desirability of giving it 
full and adequate support. It is still new and its principles are 
not all yet established but it holds‘a field of great promise for 
enlarging the welfare of the engineering profession. All of us, 
through our society memberships have an opportunity for aiding 
in the selection of the representatives that compose the Council 
and thus guiding the determination of the principles which it 
will follow. . 

Calvin W. Rice: The writer takes the opportunity to empha- 
size an idea illustrated by the telephone industry. Professor 
Bell was an assistant in his father’s school for the deaf in South 
Boston. He developed the telephone to help the deaf; he had no 
commercial motive. The writer has taken the pains to go to 
Washington and consult the original correspondence with his 
mother, in which he exclaims that he has found a device to help 
the deaf. 

In this connection the writer wishes to pay a tribute to the 
telephone industry of which General Rees is such an outstanding 
representative. Starting with the conception of the telephone 
from altruistic motives, by Professor Bell, we have the industry 
based upon the invention guided in its policies by such men as 
Mr. Vail and General Carty. One’s legal domicile is where he 
elects to make it. In this same manner one makes his work a 
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profession by his attitude toward it. One is professional to the 
degree he has a sense of public obligations. The word profession 
implies an application of special knowledge to the use of others 
as a vocation, as distinguished from its pursuit of one’s own 
purposes. 

Paul Cloke: The writer believes it would be better to have 
the degree-granting power for the professional degree remain 
vested in the educational institutions rather than in any group 
representing the founders societies or industry. On the other 
hand it seems entirely fitting and proper that there should be the 
closest possible cooperation between founders societies and 
industries and the educational institutions in determining the 
fitness of any candidate for the degree. 

Mr. Lamme said many years ago when he was Chief Engineer 
of the Westinghouse Company, that either an engineer was born 
or else received a very definite trend that way at a comparatively 
early age. It has been noteworthy to see the proposals being 
brought forward by educators in the State of Pennsylvania that 
a complete record of a student’s progress through high school be 
maintained noting development not only scholastically but 
morally and physically. In fact there are a very large number of 
factors which are to be charted. The results of such information, 
which could be furnished by high school teachers, would be of 
distinct help in determining whether or not a student should 
enter an engineering course. 

In the State of Maine there is good cooperation between the 
high schools and the university along general lines although no- 
where near as specific as proposed by the Pennsylvania educators. 
For example, the writer placed one of the pamphlets entitled 
““Engineering—A Career, A Culture’’ in every high school of any 
consequence and in the hands of each engineering freshman. 

Joseph Weil: In discussing the various modes of recognition 
given engineers, particular emphasis should be placed upon the 
importance of a more unified mode of procedure for granting 
the professional degree of electrical engineer. At the present 
time, in many eases, this degree means very little, in so far as 
the recognition of professional attainment is concerned. At the 
University of Florida, a survey was made of the requirements for 
this degree and it was found, as expected, that there is a very 
wide variation in the requirements of different colleges. This 
university has now materially increased its requirements for the 
professional degree, and now requires a minimum of five years of 
responsible work following graduation, a thesis and examination. 
The college recognizes that the thesis and examination may pre- 
vent some alumni who are qualified from applying for this degree, 
but it hopes to be able to have most of its alumni feel that the 
degree is well worth having, and therefore have them apply for it. 

The difficulty that the college might have in determining the 
character of responsible work was clearly recognized and it has 
been conceded that one way in which the applicant can meet this 
requirement is by securing registration in the State of Florida. 
In this connection, it may be of interest to note that the National 
Board of Engineering Examiners has recently proposed a method 
of accrediting engineering colleges. Has the Engineering Council 
for Professional Development been consulted in this regard? 

George A. Irland: It is recognized that a four-year college 
course is not sufficient training to produce a professional engi- 
neer. Considerable experience, in addition to the college course, 
is required. Why then should any college grant the degree of 
engineer upon graduation from a four-year course? 

It is the writer’s belief that the granting of a professional degree 
should not be abandoned, but that its significance should be in- 
creased by granting it only to those qualified by their training 
to be termed professional engineers. This degree would have a 
different meaning from the Master’s or Doctor’s degree. No 
amount of graduate study can replace the kind of training ob- 
tained in practical work, and it seems that the man who has 
received his training while engaged in responsible engineering 
work should be granted a professional degree, and that such a 
degree should be as highly honored as degrees conferred for 
academic training. 


A Recent Development in High-Current Mercury 
Arc Rectifiers 


BY E. H. REID* 


Non-Member 


Synopsis.—A single-uwnit mercury are rectifier of 3,000-kw rating 
at 600 volts is discussed as regards design and operation. A typical 
installation, that of the 8th Avenue subway of the New York Board 
of Transportation, is described where units of this size have been 
advantageously applied to the sub-surface substations. 

An important characteristic of the rectifier unit is its operating 
temperature which is materially higher than heretofore used in 
general practise. Tests show that up to a certain temperature the 
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arc drop is reduced as the temperature is raised. This indicates that 
the maximum efficiency is obtained by operating at a high tempera- 
ture. Among other advantages of a high operating temperature is 
the increased cooling efficiency. 

The rectifier is of the thyratron type with insulated grids surround- 
ing the anodes. In addition to straight rectification, it is expected 
that it will find many applications in the future where thyratron 


‘control is desired. 


HIGH-CURRENT mercury arc rectifier in single- 

unit form is one of the recent developments in 

conversion apparatus. A reliable unit with a 
nominal rating of 3,000 kw at 625 volts and having 
overload ratings up to 300 per cent full-load current 
has been made available for commercial applications. 
Some of these units are now in operation on the new 
8th Avenue subway in New York City. Others are 
installed on railway systems and in electrolytic plants. 
This size and type of unit was first developed to fill 
traction system requirements for a compact and reliable 
power unit having high overload capacity. However, 
it is expected to find a wide variety of industrial applica- 
tions because of its high overall load efficiency, quietness 
of operation, adaptability to grid control and other 
desirable characteristics. 


Many of the advantages of mercury arc rectifiers 
have been realized in their application to the power 
system for the New York Board of Transportation 
subways. Their use has made possible the location of 
the substations underground and adjacent to the sub- 
way tracks. A considerable saving was effected by this 
arrangement since the substations could be located 
under the city street thus obviating the purchase of 
valuable property for substation sites. Fig. 1 shows a 
view of the 3,000-kw, 625-volt rectifier unit and Fig. 2 
shows a typical installation in one of the automatic 
underground substations of the New York Board of 
Transportation. These substations consist of a single 
room built of reenforced concrete and containing the 
transformers, switchgear and all other equipment re- 
quired in connection with the operation and control of 
the rectifier. A simpler, more compact, and less expen- 
sive substation construction is obtained by the use of 
rectifiers instead of synchronous converters. Heavy 
foundations are not necessary as the rectifier has no ro- 
tating parts and is light in weight. Also since water can 
be used for cooling, no expensive duct system and venti- 
lating equipment is required. With rectifiers, the fire 
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hazard is reduced and the noise problem eliminated. 
Altogether, the rectifier forms an ideal conversion unit 
for underground installation. 

The design of the high-current rectifier is Base on 
the principles evolved by the intensive investigation 
and research on mercury arc rectifiers. Some of these 
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Fig. 1—Front View or 3,000-Kw, 625-Votr Mercury Arc 
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principles have been outlined in the recent paper on 
Mercury Arc Rectifier Research; presented by A. W. Hull 
and H. D. Brown. Further tests have been made to 
determine the limiting values of the various factors 
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involved in a design for heavy currents. These tests 
together with considerable data obtained from the 
various sizes of rectifiers operating successfully in the 
field were used in arriving at the new design. 

The form of the 3,000-kw tank is similar to that of 
previous rectifier designs except for the changes re- 
quired by the greatly increased rating. The rating of a 
rectifier may be increased by raising its operating 
voltage without changing greatly its overall dimensions. 
The design of a high-voltage rectifier is mostly a matter 
of general placement, spacing, and insulation of the 
various parts. On the other hand, increasing the 
current rating involves the enlargement of the tank and 
its parts. The size of a rectifier is determined chiefly by 
its current rating as the losses in a mercury arc are 
almost directly proportional to the load current. This 
means that for increased current capacity the con- 
densing area must be greater and the current carrying 
parts must be enlarged. In making these changes care 
must be taken to provide an are path of the proper 
dimensions between anode and cathode. If the arc 
stream is greatly lengthened or the arc area is made too 
small the arc loss will be increased and part of the 
advantage of the larger unit will be lost. 

Fig. 3 is a cross sectional view showing the arrange- 
ment of the internal parts in the New York Board of 
Transportation rectifier. The vacuum chamber con- 
sisting of the lower tank and the dome constitute the 
greater part of the effective condensing area. The water 
coils in the lower section and in the dome form about 
one-third of the total effective condensing area. Ample 
cooling area has been provided to maintain effective 
control of the vapor pressure at all loads. Cooling coils 
afford a very inexpensive way of increasing the cooling 
area and the overload capacity of the rectifier. A recti- 
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Fig. 2—SxcrionaLt View or TypicaL SussuRFACE Mircury 
Arc RECTIFIER SUBSTATION FOR THE BOARD OF TRANSPORTATION, 
City or New York 


fier vacuum chamber having the same condensing area 
without cooling coils would be much larger in size and 
would have greater spacing between electrodes. 

The current carrying capacity of a given rectifier is 
determined among other things by the mercury vapor 
pressure, or, practically speaking, the operating tem- 
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perature, and the cross sectional area of the anode arms. 
By furnishing proper baffling surfaces and dividing the 
are into small streams reliable operation can be ob- 
tained at higher temperatures. When the rectifier is 
so baffled, the maximum current which can be carried 
increases uniformly with increase in temperature, within 


Fic. 3—Cross SrectionaL View oF 3,000-Kw, 625-VouLtT 
Mercury Arc RECTIFIER 


1 Vacuum chamber 27 Supporting stud insulating tube 
2 Excitation anode seal 28 Cathode supporting stud 
3 Overflow graphite nipple 29 Cathode insulator 
4 Excitation anode stud 30 Gas receiver tank 
5 Excitation anode stop nut 31 Rotary vacuum pump 
6 Excitation anode shield 32 Vacuum gage 
7 Excitation anode tip 33 Trash rack 
8 Mercury drain strut 34 Carbon tip nipple 
9 Cord 35 Main anode shield 
10 Tank water jacket 36 Main anode baffle 
11 Tie ring outer gasket : 37 Main anode grid 
12 Tiering 38 Main anode tip 
13 Tie ring inner gasket 39 Main anode grid support 
14 Cathode 40 Main anode stud 
15 Base insulator 41 Main anode stop nut 
16 Leg 42 Cone baffle 
17 Rectifier base 43 Insulator 
18 Cathode outer shield 44 Clamping ring 
19 Cathode inner shield 45 Main anode space ring 
20 Cathode stud 46 Grid and main anode seal 
21 Cathode bottom plate inner 47 Mercury condensation pump 
gasket heater 
22 Cathode bottom plate outer 48 Main anode terminal 
gasket 49 Ignition anode rod 
23 Cathode bottom plate 50 Mercury condensation pump 
24 Cathode spring 51 Mercury trap 
25 Steel washer 52 Accordion vacuum valve 
26 Insulating washer 53 Ignition anode coil 


a certain temperature range, and is directly proportional 
to the cross sectional area of the anode arms. The cross 
section area of the anode arms is fixed largely by the 
maximum desired overload rating of the rectifier. 
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Sufficient are section must be provided to carry the 
peak anode currents without excessive are drop. 

As the temperature is increased, up to a certain value, 
the are drop is lowered. In this rectifier full advantage 
has been taken of this factor as can be seen from the 
curve shown in Fig. 4. This curve was obtained by 
taking are drop readings on a rectifier as its operating 
temperature was gradually raised, the current being 
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Fic. 4—VarIaTIon IN Arc Drop VoLTAGE WITH OPERATING 
TEMPERATURE ON A RECTIFIER CarryING Norma Loap 


Are drop expressed in per cent of normal are drop at full load and normal 
operating temperature 


maintained constant at normal load during the test. 
This test shows that the rectifier has its maximum effi- 
ciency when it is operating between 70 and 80 deg C 
and indicates that at this temperature it should carry 
its highest overloads. A high operating temperature is 
desirable from another standpoint, namely, that of 
cooling efficiency. A reduction in water consumption 
to from one-third to one-half of that required by other 
designs has been made possible by the increase in 
operating temperature. 


The thyratron type of anode construction is used, 
with graphite anodes, mycalex seals, subdividing 
baffles, and insulated grids. The anode assembly is 
shown in Fig. 5. The anode tip, which is of graphite, 
is supported from the vacuum chamber by means of the 
insulating mycalex seal. It is surrounded by an in- 
sulated shield which supports the grid. The grid, 
which is also of graphite, is placed in front of the anode 
so that the arc must pass through it to reach the anode. 
It consists of a flat disk perforated with a large number 
of small holes very closely spaced in order to obtain a 
large percentage of the total area for the passage of the 
are. An insulated lead is brought out from the grid 
through a small mycalex seal so that a separate poten- 
tial may be applied to the grid. Below the anode and 
grid is located the subdividing baffle, which consists of 
a number of concentric steel rings supported from arms 
welded to the walls of the anode housing. 

An improvement in high-current rectifiers has been 
obtained by the addition of a trash rack. This is in- 
stalled in the vacuum chamber just above the cathode 
so that the condensed mercury must pass through it 
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when returning to the cathode. It serves two purposes. 
First, it collects all dirt and foreign matter floating on 
the returning mercury, thereby gradually cleaning the 
vacuum chamber and preventing contamination of the 
mercury in the cathode. Second, by means of small 
holes or weirs it distributes the returning mercury so 
that it will not flow in one large stream which might 
produce a short circuit between the vacuum tank and 
the cathode. The importance of this factor will be seen 
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Fic. 5—VeErRTICAL SECTIONAL View oF ANODE HOUSING AND 
Anope ASsEMBLY FOR 3,000-Kw, 625-Vott Mercury Arc 
RECTIFIER 


Showing mycalex seal graphite anode, insulated grid and subdividing 
baffie 


when the amount of mercury circulated in the tank is 
considered. At 300 per cent load the rate of evapori- 
zation of mercury from the cathode is approximately 
fourteen pounds per minute. In addition to the trash 
rack a system of troughs and pipes is provided to catch 
the mercury condensed in the dome and return it to 
the cathode thus lessening the possibility of splashing. 
The rectifier is designed for a-c ignition and excita- 
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tion. A single plunging anode is used for ignition and 
three small graphite anodes for the excitation are. The 
insulated grids are excited with a d-c bias in order to 
supplement the holding anode excitation and aid 
pickup. The exhaust system consists of two mercury 
condensation pumps operating in parallel and connected 
to one rotary oil roughing pump. Exhaust is from the 
dome where the foreign gas tends to collect under the 
combined action of the are and condensing mercury. 
Vacuum is measured by a McLeod gage in one exhaust 
line and a hot wire manometer gage in the other. 

A number of novel features are incorporated in the 
cooling system used on the New York Board of Trans- 
portation rectifiers. A diagram of this system is shown 
in Fig. 6. It is a recirculating system with a water-to- 
water heat exchanger. The rectifier cooling water is 
circulated continuously by means of a centrifugal pump. 
The heat imparted to the cooling water while flowing 
through the rectifier is carried away by the tap water 
flowing through the heat exchanger. The high operat- 
ing temperature of the rectifier has made it possible to 
connect the transformer and rectifier tap water systems 


Fic. 6—ScuHEMATiIc DIAGRAM OF CLOSED CooLING SystEM UsED 
WITH RECTIFIBRS FOR New YorK Boarp oF TRANSPORTATION 


in series, the water flowing through the transformer 
cooling coils first, then into the heat exchanger and 
finally discharging into the drain. A further saving in 
cooling water is obtained by this arrangement. The 
flow of water is regulated by means of two temperature 
controlled valves, one of which is actuated by the 
rectifier and the other by the transformer temperature. 
The valve controlling the flow of water through the heat 
exchanger is actuated by a bleeder circuit which is con- 
nected to the rectifier at the point of most rapid tem- 
perature fluctuation. A very accurate control of 
temperature at all loads is secured by this system. At 
light load no cooling water is required by the rectifier 
so its valve closes. The valve actuated from the trans- 
former then opens a bypass into the drain permitting 
a flow of water through the transformer alone, to carry 
away the core losses. ' 
The use of a heat exchanger with a recirculating sys- 
tem permits the discharge into the drain to be located 
at a higher level without applying pressure to the 
rectifier. This is desirable where the rectifier is in- 
stalled in an underground substation. By means of the 
circulating pump a large flow of water can be obtained 
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at all loads, providing efficient cooling and assuring a 
uniform temperature. The closed system permits 
ready treatment of the cooling water with solutions for 
prevention of corrosion. 

The 3,000-kw units installed on the New York Board 
of Transportation rectifiers are arranged to operate as 
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simple rectifiers with 5 per cent shunt regulation. They 
are connected to a 12-phase zig-zag-connected power 
transformer with an interphase transformer. 

Straight rectification is only one of the many possible 
applications of this high-current rectifier unit. By 
proper excitation of the control grids it may also be used 
as a power thyratron. The grid has been designed with 
suitable characteristics for power control purposes and 
has a control ratio of power controlled to control power 
of almost 100,000 to one. Among the many applica- 
tions for which this thyratron power unit is adapted are; 
voltage regulated d-c power output, high-speed circuit 
breaker, inverter, and static frequency changer. 


Fig. 8—Tyricat Loap Cuartr or 3,000-Kw Unit OPERATING 
on New York CrntraL RAtmRoAD 


That these rectifiers have ample load capacity has 
been proved both by tests in the factory and by field 
experience. The rectifier is guaranteed for the following 
load ratings; 150 per cent for two hours, 200 per cent for 
five minutes and a momentary overload of 300 per cent 
full-load current for one minute. Fig. 7 shows the over- 
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loads carried on the rectifier with the loading facilities 
available in the factory. These overloads do not repre- 
sent the limit of the rectifier. Fig. 8 is a load chart 
taken on a 3,000-kw unit operating on the New York 
Central Railroad indicating the character of load which 
may be expected in traction service. 

The operation to date of rectifiers of this size has 
demonstrated their reliability and the soundness of 
their design. Experience for a number of years with the 
construction and operation of both single and multiple 
units indicates that the single unit possesses a number 
of desirable advantages. With the single unit the num- 
ber of auxiliaries can be reduced to a minimum. This 
is highly desirable as the auxiliaries are a large factor in 
determining the overall reliability and maintenance on 
a rectifier installation. The construction of a successful 
single unit rectifier has been made possible only by the 
development of a vacuum tank having component parts 
possessing a high degree of reliability. Such a reliability 
is now obtainable by the use of sturdy insulating seals, 
improved welding, indestructible graphite parts, proper 
placement of parts, and latest manufacturing technique. 
These factors have contributed largely to the success of 
the high current single unit rectifier. 


Discussion 


J.J. Linebaugh: Very few engineers appreciate the difficul- 
ties encountered by the designing engineer in designing a reliable 
mereury are rectifier, particularly one with as great a capacity 
as the one described by Messrs. Reid and Herskind. The ampere 
ratings of this unit give one a better idea of the problems en- 
countered than the kilowatt rating with overloads. The con- 
tinuous ampere rating of 4,800 amperes at 625 volts, 7,200 
amperes for two hours, 9,600 amperes for five minutes and 14,400 
amperes for one minute indicates clearly that the whole unit 
must accurately and conservatively be designed to rectify such 
currents. 

It requires a careful balancing of vacuum, anode and cathode 
currents per square centimeter, spacing, heat and voltage 
gradients, insulation, vacuum tight tank, baffles, and adequate 

“eooling to produce a satisfactory rectifier. In addition the engi- 
neer can not see what is happening inside the tank, making it 
difficult to determine the cause of the trouble. The engineers 
should feel gratified with the success that they have attained. 

The magnitude of the New York Board installation mentioned 
is indicated by the fact that over sixty 3,000-kw units have 
been purchased already and more will be ordered as the subways 
are extended. 
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The cooling system used merits attention as it is very economi- 
eal of water. The use of the fairly high temperature cooling 
medium combined with the use of the cooling water from the 
transformers makes this possible. Data obtained this far indi- 
cate about 0.15 gallon of water per minute per 1,000 amperes for 
the load factors now obtained. 

The use of the thyratron principle with excited grids is a new 
departure for rectifiers of this ampere capacity although the same 
design was used on the 3,000-volt Lackawanna rectifiers. It 
should be noted that the grids are not used for voltage control. 

The New York Board rectifiers have slightly more than the 
usual regulation to accommodate them to the one unit layout 
used for most substations and to make them self-protecting 
from extreme overloads by dividing the total load with adjacent 
substations. 

Operation this far indicates that the rectifiers easily will meet 
all requirements of regular service without difficulty. 


E. H. Reid and C. C. Herskind: The paper describes one of 
the latest contributions to the rapidly advancing development of 
mercury are rectifiers. This high capacity unit extends the range 
and type of applications for which rectifiers are available, as it is 
not merely a rectifier. It is also a power thyratron, for, by utilizing 
the grids with which it is provided it may be operated to supply 
regulated d-c output, for inverting, for frequeney changing, and 
& number of other purposes. Up to the present time the possi- 
bilities of the power thyratron have not been commercially 
realized to any appreciable extent. However, it is expected that 
the development of this power unit will do much to hasten 
thyratron applications. 

As has been stated the 3,000-kw 600-volt unit was developed 
primarily to meet the requirements of the New York Board of 
Transportation for a compact conversion unit. Inasmuch as it 
was the first unit of this particular type to be built, ample margin 
was allowed in the design factors in order to assure reliability 
of operation. Without changing the basic factors in this design, 
further refinements will of course be made on future designs as 
operating experience justifies them. Modifications can be made 
which will effect savings in manufacturing cost and reductions in 
rectifier losses. 

The paper points out the importance of operating tempera- 
ture as a factor in rectifier design and operation. This factor 
will become more important as the specific loading on the rectifier 
is increased and the size for a given rating is reduced. 

The reliability of this unit has been proved by considerable 
operation in actual service. For example two of these units are 
operating in an electrolytic plant where they carry full load 
continuously. They have operated for several months with a 
station factor of approximately 99 per cent. In factory tests at 
1,500 volts, one of these units carried 4,000 amperes continu- 
ously, 6,000 amperes for 2 hours and 12,000 amperes for 1 
These tests indicate that the unit has ample capacity 
for a nominal rating of 6,000 kw at 1,500 volts. This rating is 
desirable for a number of thyratron applications. 
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INTRODUCTION 


HE object of the development described in this 
paper has been to so modify and equip the syn- 
chronous commutator of the short-circuiting 

type!” as to enable it to perform the two functions of 
rectification and inversion interchangeably under con- 
ditions of comparatively high voltage and current. An 
outstanding effort toward the solution of this problem 
was the Calverley-Highfield ‘‘transverter.’’? Mr. Sewall 
Cabot‘ contributed to this art by employing a quadra- 
ture voltage component of fundamental frequency for 
the purpose of aiding commutation. 

The features added to the construction and applica- 
tion of the short-circuiting rectifier are as follows: 

1. The rotor is so simplified and designed as to con- 
tain nothing but n + 1 insulated metallic segments, 1 
being the number of a-c phases. These segments per- 
form the functions of properly orienting the phase 
voltages within the d-c circuit and of producing short- 
circuiting periods during which commutation occurs. 

2. Each phase voltage is made substantially zero at 
the beginning and the end of the commutation period by 
the introduction of a negative in-phase 8rd harmonic 
voltage E,,. 

3. A quadrature 8rd harmonic voltage HE, is used to 
cause current reversal in the a-c phases. 

4. Means are provided for making E, proportional to 
the a-c system voltage and for making E, proportional 
to the d-c load. 

The use of the harmonic voltage H, during an ex- 
tended commutating period makes possible the success- 
ful reversal of large currents flowing in highly reactive 
circuits. This is accomplished entirely under cover and 
with no visible sparking. The harmonic voltages im- 
portantly modify the a-c wave form and the extended 
commutation period causes a reduction in d-c to a-c 
voltage ratio. 


DESCRIPTION OF ELEMENT 


The connections of an element for single-phase use 
are shown in Fig. le. The a-c system includes the 
generating source G, the armature of the 3rd harmonic 
generator H and the transformer primary coil L;. The 
secondary coil of the transformer L,. with a condenser C 
across it has its terminals connected to the stationary 
brushes B, and B,. The rotor segments S,; and S: have 
an angular overlap a corresponding to a half cycle of 
the 3rd harmonic of voltage. These segments communi- 
cate either by means of extra brushes or by extra col- 
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lector rings with the d-c system which is here repre- 
sented asad-cdynamo D. The steadying reactance X 
is essential for single-phase operation in order to pre- 
vent a short-circuit of the d-c system during the com- 
mutation period. This reactance may be dispensed with 
in the polyphase rectifier unless it is desired to smooth 
out the ripples in the direct current. The physical 
arrangement of rotor segments and twin brush sets may 
best be understood by reference to Fig. 4 which illus- 
trates the three-phase application. ; j 

The points at which current measurements and oscil- 
lograms have been taken and which are referred to 
later are: 


I, = transformer or a-c system current. 
I, = alternating current to or from rectifier. 
I, = condenser current. 


I, = direct input or output current. 


I,, = current in transformer neutral ¥ (8rd, 9th, etc., 
harmonic when in three-phase operation). 


‘Ep +E, —3R° HARMON 
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OPERATION OF ELEMENT AS A RECTIFIER 


It is necessary to have a clear understanding of the 
manner in which one of these elements functions in 
order to appreciate the performance of the rectifier- 
inverter when in polyphase operation. 

The a-c system is assumed to supply a sinusoidal 
voltage of fundamental frequency to which are added 
two 8rd harmonic components, HL, and H,. The seg- 
ments S, and S, of the rectifier are assumed connected 
in some manner with an active d-c system such as a 
d-c generator driven by an a-c motor supplied from a 
system capable of giving or receiving power. The recti- 
fier rotor and the generator introducing the harmonics 
E,, and E, are synchronously driven from the a-c supply 
either by individual motors or by a single motor. The 
sequence of connections among transformer, condenser, 
d-c terminals and short-circuit is indicated by a, b, ¢ 
and d of Fig. 1. Connections a and d correspond to the 
positive and negative “working” periods respectively 
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and connections 6 and c¢ to the intermediate com- 
mutation period. 

Fig. 2 is drawn to show the variation of the several 
voltage and current components previously mentioned. 
These components are all laid down on a percentage 
basis and result from the calculations of a hypothetical 
problem referred to later. The figure represents the 
case of nominal load rectification. The currents plotted 
are indicated by symbols corresponding to the points of 
measurement of Fig. le. 


The fundamental sinusoidal voltage supplied by the 
a-c system FE, is taken as 80 per cent, the total a-c sys- 


tem reactance having been assumed as 20 per cent. 


A single half wave of the reversing voltage E’, is shown 
in its proper phase. 


aN 
Zaexk 


a 
°o 


%E AND I 


Fig. 2—VoutTaces AND CURRENTS, REcTIFIER OPERATION 


izing voltage E’,. The sum of all the voltages supplied 
from the generating sources is shown as #. It will ap- 
pear that negative values of H predominate during the 
commutation period 3-4. It is this excess of negative 
voltage that is instrumental in causing the current in 
the a-c system to reverse when the transformer is short- 
circuited. 


The fundamental condenser current J,; (not shown in 
the figure) is calculated by using the fundamental 
voltage H;, the fundamental frequency reactance of the 
a-c system, and the capacitive reactance of the con- 
denser. The inductive reactance used includes the 
transformer leakage reactance and the transient re- 
actances of the fundamental and harmonic generators. 
All resistances are ignored. 
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The same is done for the neutral- 
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The 8rd harmonic condenser current I.3 is calculated 
from the resultant of E’,, and E, and the triple frequency 
reactance of the L-C circuit. The condenser capaci- 
tance must be small enough to make this current 
leading. 

I, represents the total resultant condenser current and 
is plotted as a steady-state function across the short- 
circuit period in order to indicate its form when uninter- 
rupted by that period. 

For the purpose of this discussion, the alternating cur- 
rent to the rectifier J, is assumed constant during the 
working period. Experiments have shown that this 
current makes a ‘“‘transit’”’ or reversal from positive to 
negative along a path (7 to 8, Fig. 2). This indicates 
that the current transfers occurring under the brushes 
are gradual and do not result in excessive momentary 
densities. The current J, can be caused to remain 
constant during the working cycle by using a high value 
of steadying reactance in the d-c circuit. When no 
reactance is used, this current follows the d-c voltage 
form. 

The current in the transformer coil J; must necessarily 
be the sum of J, and J,. When this is plotted for two 
successive working periods, it becomes apparent that 
the net transit required during the commutation period 
is reduced from 7-8 to 2-5 in the figure. When the 
transformer is short-circuited, the a-c system current 
changes under the influence of three electromotive forces 
E,, E, and E,. The first two, acting in opposite direc- 
tions during the short-circuit period and passing through 
zero at the neutral axis, cause a positive pulse in the 
current curve. FE, causes a rate of decrease of the cur- 
rent which is a sine function of time. The portion of the 
I, curve within the commutation limits is termed the 
“transit” of J,and is marked 7’; in the figure. 

The a-c terminal voltage H’, which exists across the 
transformer, condenser, and rectifier simultaneously is 
obtained by adding to the values of E' from the generat- 
di. 
dt 


where L is the inductance corresponding to the total 
a-c system reactance. It should be noted that EF, may 
be caused to pass through zero at the points 3 and 4 so 
that the commutation period is entered and left with- 
out voltage and therefore without shock. 


ing sources the instantaneous values of — L 


OPERATION OF ELEMENT AS AN INVERTER 


The element, the rectifying action of which has just 
been described and illustrated by Fig. 2, will act as an 
inverter if the d-c voltage Hz is raised above the cor- 
responding a-c voltage EF’, or if H, is lowered when Ey 
remains constant. When inversion takes place, there 
will occur a reversal of the direct current Jz and of the 
phase of the alternating current J,. The phase of the 
3rd harmonic commutating voltage EL’, must also reverse 
and be proportional to the load current transmitted. 
This proportionality and phase reversal is secured by 
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having the field of the generator furnishing E’,, connected 
in series with the d-c line carrying Iz. 

Fig. 3, for the case of inversion, has been drawn from 
values calculated for the hypothetical problem. The 
operating conditions are the same as for the case repre- 
sented by Fig. 2 except that the reversals mentioned 


in the preceding paragraph have taken place. Since the - 


phase of J, is now opposed to that of H,, the flow of 
power has reversed. A comparative study of Figs. 2 
and 3 will reveal a perfectly symmetrical correspondence 
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Fig. 3—VoitTaGes AND CURRENTS, INVERTER OPERATION 


between the various voltage and current forms for 
the two cases of operation. These forms undergo a 
gradual transition when the load changes as is shown by 
oscillographic records of Fig. 12. 

When the load on the apparatus is zero (neither 
rectifying nor inverting) which condition obtains when 
there is a perfect balance of a-c and d-c voltages, the 
transformer current (I;) will consist of the steady-state 
condenser current modified by certain surges during the 
short-circuit period. 


THREE-PHASE APPLICATION 


Three or more elements of this rectifier-inverter may 
be caused to operate in series by the use of a rotor ar- 
rangement such as shown in Fig. 4. The contact seg- 
ments (S; to S,) are so arranged as to permit one of the 
intermediate segments S, to function on two a-c phases 
so that the number of segment disks will be one more 
than the number of phases. The connections of the 
transformers, condensers and twin brush sets are shown 
by the figure. The d-c lines D, and D, may be caused to 
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contact with the terminal segments by means of ad- 
ditional brushes sliding on the latter. This rotor con- 
struction will be roughly balanced statically but not 
dynamically. The four-pole arrangement of such a 
rotor would be well balanced dynamically. 

When a rotor of the above description operates from 
a three-phase supply, the result is the orderly insertion 
of the individual transformer secondaries T,, 7; and 
T; into the d-c circuit, their withdrawal by short-circuit 
during the period of reversal, and their reinsertion in 
reversed sense thereafter. The average d-c voltageawill 
thus be determinable from a knowledge of the contri- 
butions by each of the phase voltages. Sufficient re- 
actance placed in the d-c line to filter out the ripples will 
result in a sensibly constant direct current for either 
direction of operation. 


COMPLETE EQUIPMENT 


A complement of equipment for three-phase a-c to 
d-c conversion or vice versa is shown in Fig. 5 in which 
G represents the a-c generating source supplying a bank 
of transformers with their low-tension coils star con- 
nected and their high-tension coils leading to the con- 
densers and the rectifier brushes. The armature of a 
3rd harmonic generator A,;, is connected into the neutral 


Fig. 4—Turee-Puast Roror, PHases IN SERIES 


of the power system. This generator is driven by a 
synchronous motor M and has two field coils producing 
two voltage components relatively in quadrature in A. 
The field F,,, in series with the d-c output of the rectifier, 
furnishes the reversing component E,. This field may 
be shunted by S to obtain adjustment in the value of E,. 
At nominal load, the field F,, must cause low magnetic 
saturation so as to be able to maintain approximate 
proportionality between HE’, and load current up to the 
value found on short circuit. The field F’, supplying the 
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neutralizing voltage E,, should be excited in proportion 
to the a-c system voltage. A mercury-arc rectifying 
equipment is shown as a convenient way of accomplish- 
ing this result. The strength of this field is a maximum 
at no-load and approaches zero on short circuit. 

Transformer taps permit the regulation of the a-c 
voltage delivered to the rectifier without the necessity 
of disturbing the system voltage; by means of these, the 
flow of power may be arbitrarily controlled. Without 
transformer ratio adjustment, the power flow will 
automatically vary with the relative voltage levels on 
the d-c and a-c sides of the apparatus. 


THE REVERSING VOLTAGE E, 


A simple equation for the maximum value of the 3rd 
harmonic commutating or reversing voltage E’, has been 


weLine 


Fig. 5—Compiete System, Recririer-INVERTER 


derived. The current change in the a-c system when 
short-circuited during commutation is given by 


E, ee 2 

wD f sin wst dw3t = ee 1, een (A) 
Reference to Fig. 2 will show that the actual change of 
current to be caused by H, is from point 2 to point 4 
which amounts to 2 [,— 2 I, where I, is the maximum 
of the 3rd harmonic condenser current caused by E,. 
Equating these two values of Az and remembering 
that I, = Y;E,, Y; being the triple frequency admit- 
tance of the L-C circuit, there is found 


Ati = 


Tetaet 
rear (2) 
meer umet 


From equation (2) it is seen that E, must be pro- 
portional to the load current and that its value is af- 
fected by the constants of the equivalent L-C circuit 
considered to exist between the condenser and the a-c 
system reactance. This equation has yielded correct 
values of #, for a large number of experimental circuits. 


*Maximum amplitudes of voltages and currents are assumed 
throughout this discussion. 
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THE NEUTRALIZING VOLTAGE E, 


Fig. 6 shows a commutation period with the relative 
phase positions of the three voltages H,, HE, and E, 
acting within the short-circuited a-c system. The 
lines S’S’ and F’F’ represent respectively the beginning 
and the end of the short-circuit period when this is 
taken as covering 60 fundamental degrees. The lines 
SS and FF indicate the same limits for a shorter period. 
Each of the voltages produces a leading current com- 
ponent. These components are designated similarly as 
I,, I, and I, and are shown dotted. 

E,, should have such a value as to make the terminal 
voltage across the condenser zero at the time when the 
short-circuit period is entered and left. The proper 
value for H’,, may be found by equating all the voltages 
acting in the circuit at these times to zero and solving 
for E,.. Assuming the 60-degree period, all the voltages 
acting at the beginning of short-circuit may be written 
as follows: 


diy E, 
—L ae w,L.—— cos 60 deg 
: (positive) 
L di, bi 
veel 
di, E, Sh eG) 
= ae re =— wel X cos 0 
(= E, approx.) (negative) 
e, = E,sin30 deg (positive) 
e; =.0 
é, =—H, (negative) 
so that 
dt, 
-B, =1/2(+L-—~) (4) 


F dt; 
Neglecting the term L —— 


dt. 28 relatively small, EH, is 


found to be half of the value of fundamental voltage 
occurring at the beginning of commutation. Since both 
di, 


the terms e; and L “a 2re proportional to the funda- 


mental voltage H, it follows that H,, should be pro- 
portional to the a-c system voltage at the rectifier. 
When the commutation period is assumed to be 
shorter than 60 degrees, the six terms in equation (3) 
enter into the determination of the value of E,; the 
result obtained is more complicated and the variation 
of EH, with load less satisfactory. The solution is possi- 
ble, however, and has been worked out for such periods. 


POWER TRANSFERS ON MOTOR-GENERATOR SET 


The generator armature injecting the harmonic 
voltages into the neutral carries a current the greater 
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part of which is in quadrature with the resultant in- 
duced voltage. Careful analysis has shown that there 
exists one component of this current that is in strict 
phase opposition with EF’, and is of the same frequency. 
This component is derived from the transit 7’; of Fig. 2. 
The commutation periods of the three phases are adja- 
cent to each other in point of time so that the pulses or 
surges of successive transits give rise to alternately 
positive and negative half-waves of current in the neu- 
tral. For rectifier action, these current waves are in 


Fig. 6—PuHast RELATIONS OF HARMONIC VOLTAGES AND 
CURRENTS 


phase opposition to #, so that their interaction repre- 
sents negative electrical power. In other words, the 
armature A, of Fig. 5 is motoring. Space does not per- 
mit the presentation of the analysis to show that this 
power transfer is the only one occurring.® 

The maximum of the pulse in the transit JT; may be 
found from the equation 


Ey 


wb 


w oO 
6 
H,; = yee witd ait — 2S sin wstd ast (5) 
7) 2 
Since H, represents the maximum of a sine function, the 
average power transfer is given by 
1 
fg 0 ne et es = H t E r 
When the apparatus is inverting, the phase of E, 
reverses while that of the 3rd harmonic current in the 
neutral resulting from the transits does not, so that the 
armature of the harmonic machine is now generating. 
From the solution of a hypothetical problem repre- 
senting the case of a practical installation of high kva 
capacity, the power transfer required of the motor- 
generator set at nominal load proved to be about 1.7 
per cent of nominal rating. The maximum power de- 
mand occurring at 2.5 times nominal load was about 
50 per cent greater or 2.55 per cent. 


(6) 


RATINGS OF THE MOTOR-GENERATOR SET 


The nominal rating of the motor would need to be the 
above mentioned 1.7 per cent of nominal kva of the 
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rectifier-inverter. This motor should be designed gen- 
erously, however, so as to enable it to meet its maxi- 
mum demand of 2.55 per cent under the condition of 
considerably reduced voltage. On short-circuit of the 
rectifier d-c terminals, the power interchange becomes 
practically zero (since H, = E,, = 0). 

The generator armature of the motor-generator set 
carries the triple frequency condenser current caused by 
the voltages E’,, and E, which, in the case of the problem, 
resulted in a current of 153 per cent of nominal d-c 
rectifier current. The voltages E, and H, were each 
20 per cent at nominal load making a resultant of 28.2 
per cent so that the single-phase rating of the generator 
is approximately 18 per cent of the nominal rating of 
the rectifier. It appears that about 20 per cent of 
auxiliary machine capacity (motor and generator) is 
needed to make this scheme of rectification and in- 
version successfully operative. Comparing the con- 
ventional polyphase a-c system with this one, the per- 
centage kva of auxiliary apparatus such as synchronous 
condensers required by the former increases with the 
power transmitted over a given line and the distance 
while, in the latter, the percentage capacity of auxiliaries 
does not increase with these factors but decreases with 
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A, B and C—fundamental emf’s after rectification 

a, b and c—3rd harmonic emf’s after rectification 

M— ideal d-c voltage form 

N—actual d-c voltage form (dotted components eliminated) 


the kva of generating capacity behind the rectifier- 
inverter. 


VOLTAGE FORMS AND RATIOS 


The wave form of the a-c voltage used in this ap- 
paratus is seen to be peaked sharply by the effect of the 
3rd harmonic E,, and somewhat distorted by the 
harmonic E,. This form is advantageous to the rectifier 
in that the maximum strain occurs when the brushes are 
far removed from the segment tips and the rate of in- 
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crease of voltage is moderate at the borders of the 
commutation period. 

The normal form of the d-c voltage shows a constant 
value modified by convex ripples which have the form 
of a half wave of a 8rd harmonic. This form is common 
with other types of rectifier. If all the voltage values of 
the three sinusoidal fundamentals could be utilized, the 
d-c voltage would be represented by the curve M of Fig. 
7 the values of which vary between 200 per cent and 
173.2 per cent of a fundamental maximum. When all 
voltage values within 30 degrees of zero of each wave 
are sacrificed to a short-circuit or commutation period as 
indicated by the dotted parts of the fundamental 
rectified waves shown in the lower part of the figure, the 


d-c voltage N will vary between 173.2 per cent and 150° 


per cent, yielding an average value of 164.8 per cent. 
This figure may be taken as the normal d-c to a-c voltage 
ratio of the rectifier-inverter. 

If the negative 3rd harmonic, in phase, is considered 
as included in each phase-voltage and the portions de- 
leted by the commutation period shown dotted in Fig. 7 
are ignored, it appears that no contribution to the d-c 
voltage is made by the harmonics. This relationship 
holds for the harmonic in any phase position with re- 
spect to the fundamental. For a commutation period 
greater or less than 60 degrees, a net residue of har- 
monic voltage does act to modify the d-c voltage. 


SHORT CIRCUITS 


One of the most difficult requirements to meet in a 
device of this kind is the ability to withstand the high 
currents on short circuit. A short circuit on the d-c 
side is the severest test. Assuming an a-c system re- 
actance at fundamental frequency of 20 per cent, a 
chart similar to Fig. 2 has been made, taking I, = 500 
per cent, H, = 5 times 20 per cent, and H, = E, = 0. 
The commutation problem is here solved as completely 
as for nominal currents provided EH, remains propor- 
tional to the load, the commutation period is entered 
and left at zero voltage, and the transformer current 
curve has become roughly triangular. 


CHANGE OF SYSTEM CONSTANT L 


Since the inductance corresponding to total a-c sys- 
tem reactance is a factor determining the 3rd harmonic 
commutating voltage E,, the change of this constant 
caused by switching lines, generators or other machines 
might cause some concern about the ability of the recti- 
fier to commutate properly after such change. The 
case of a generating plant with four similar units was 
assumed. Typical values for the transient reactances 
per phase of the generators and of the leakage reactances 
of the transformers were used.°7 It was found that EF, 
varies but 10 per cent between the cases of one and of 
four generators in operation. Experience with the 
experimental apparatus has shown that a 10 per cent 
error in the value of EF, produces slight and harmless 
changes in the forms of the transits. 
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APPLICATION TO D-C TRANSMISSION 


In setting up a d-c transmission system using this 
rectifier-inverter, one of the units operating as a recti- 
fier would be supplied through its bank of raising trans- 
formers from an a-c system A. The d-c line including 
the harmonic-generator field would be grounded. The 
other d-c terminal would lead to the single-wire trans- 
mission line. Two commutators each operating be- 
tween ground and line, but of opposite polarity, would 
be preferable. This would result in a two-wire trans- 
mission and eliminate the ground as a conductor. The 
receiving end of the d-c line would have a similar com- 
plement of commutators acting as inverters and feeding 
into the a-c system B. On account of the perfect re- 
versibility of the transforming means, the flow of power 
might occur in either direction and would be under the 
control of the relative voltage levels of the two systems. 
These levels could be modified arbitrarily by the trans- 
former-ratio switches. If two conductors of a typical 
three-phase line were thus employed, the third and 
nominally unused conductor would be the full equiva- 


Fig. 8—Rectirier-INVERTER FOR THREE-PHASE D-C OrpERATION 


lent of a spare circuit. The frequencies maintained by 
systems A and B would be of no concern in the operation 
of this system, there would be no problem of stability, 
nor would there be any closely defined power limit. 

These rectifier-inverter units seem well adapted to 
parallel operation since all the commutators function in 
step. The load distribution as between units would be 
largely controlled by the transformer leakage reactances. 
A d-c network might well be established to which certain 
rectifying units would deliver power and from which 
other inverting units would take power to be trans- 
formed into polyphase a-c power for a local system 
which, however, should supply its own excitation and fix 
its own frequency. 


USE AS A FREQUENCY-CHANGER 


Two commutators of this type, driven by separate 
synchronous motors, might serve as a frequency-chang- 
ing tie between, say, a 60- and a 25-cycle system. The 
capital cost of such a tie should be much smaller than 
that of the frequency-changing units now in use in 


June 1933 


which the power flow must undergo two electromechani- 
cal transformations. 


HYPOTHETICAL DESIGN 


In order to provide practical checks on the possibili- 
ties and limitations of this apparatus as applied to 
rectification and inversion for the purpose of d-c trans- 
mission, an actual design problem has been worked out 
in parallel with the theory evolved. The assumption 
has been made that each element of the rectifier would 
be able to withstand what will no doubt appear to the 
reader as an impossibly high voltage as but three ele- 
ments were assumed. The voltage per element may be 
reduced by going to six, twelve or more elements in 
series, with a sacrifice in simplicity. The conduct of 
this design will not be described in detail but the as- 
sumptions, data and results are listed below. The size 
of the equipment was chosen to correspond approxi- 
mately to the safe capacity of a present-day 250-mile, 
220-kv, three-phase line. Two equipments are sup- 
posed to operate in series to supply a two-conductor d-e 
circuit. The results obtained refer to one of these 
equipments. 


Data Assumed 


D-erating per rectifier = 375 amp, 144.5 kv, 54,150 kw 
D-c rating of pair in series = 375 amp, 289 kv, 108,300 
kw 
A-ce system 60 cycle reactance = 20 per cent (L = 
0.086 h) 
_ A-e voltage at rectifier at zero load = 100 per cent 
A-c voltage at rectifier on short-circuit = 0 
Direct current on short circuit = 500 per cent 
Commutation period = 60 deg (fundamental) 
_ 100-per cent voltage = H (max.) = 87.7 kv 
100 per cent current = 375 amp 


Results Derived 


Normal ratio total d-c volts/H, (max.) = 1.648 
Capacity per condenser = 4.675 uf at 114 kv (max.) 
Total rating based on effective values = 48,700 kva 
Rating of transformers 
Voltages = 13.2 kv /62 kv 
Current = 375 amp (ht) 
Ratings of motor-generator set 


kya =.23,250 
(69,750 kva, total) 


Motor = 956 kw at unity pf = 1.77 per cent 
Generator voltage = 28.2 per cent = 17,500 v 
Current = 3 X I.3 = 575 amp 
Kva = 10,050 = 18.5 per cent 


Table I gives the variations of EH, H,, E,, and power 
transfer in the harmonic motor-generator set for loads 
varying from zero to 500 per cent (short-circuit) for the 
case of rectification. Table II shows the variations of the 
same quantities for the case of inversion on the assump- 
tion that #, again varies from 100 per cent at zero load 
to zero on short circuit. 
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TABLE I—POWER TRANSFERS—RECTIFICATION 


% Load % By E;(%) En(%) Power transfer in kw 
Ofna LOO cee. OS Mer Dove! atts cnt. 0 
DEY Panga rtdiroue G5. a olegcase Sikes ete PER TO icvays iets, keno — 287 
5O ee Hato DOs Festi Ores 22.5 ..— 6548 
LOORE sok. BO 2 sie.8 aes OR ei Oo Ve ederne teres — 956 (nom. load) 
ZOO astern « BOL evere.« 7) haa 12.5 weeee = 1485 
400) chee ss 20) Aahacis irs BOA ese 5 ... — 956 
500), Aone ns Owektsons< LOO eicu2¢ Ob acide .ctticus 0 (short circuit) 


TABLE II—POWER TRANSFERS—INVERSION 


Cn 


% Load % Ey E,(%) En(%) Power transfer in kw 

OSA eet 10025552 OL aes « 25 athiste sucae 0 

Bo aier ores 12 As ee is ns eee 23). 75. Rae ae eters 

BO losis shapes DO as ereres a LO ina, 22.5 .. + 543 

LOO FD cee SO Acer 5 = 20. ..4. PJ Arena + 956 (nom. load) 

250), cere eter SOE sarees = OO aves 12.5 .. +1485 

400 oo a 20 aise (SO etre 5 .- + 956 

BOOS icone Ons eer —100..... Oe Aerie. ks 0 (short-circuit) 


CONSTRUCTION OF EXPERIMENTAL MACHINE 


An experimental rectifier-inverter was built and 
tested in the laboratory at Lehigh University. This 
apparatus, shown in Fig. 8, comprises four canvas-base 
Formica disks, 6.5 inches in diameter and 0.75 inches 
wide, carrying the contacting segments. The twin 
brush sets mounted on fiber blocks may be shifted 
angularly by a worm gear. The brushes are of lami- 
nated copper, providing a contact area 0.75 in. by 0.5 
in. Two extra brushes in parallel riding on each of the 
two terminal disks serve as connections to the d-c lines. 
The rectifier is run by a two-pole self-synchronizing 
three-phase motor. The segment group measures 
eight inches in axial length. The brush rigging is built 
to accommodate additional segment disks for six-phase 
operation. 


AUXILIARY APPARATUS 


A special General Electric harmonic motor-generator 
set was used to supply the three-phase power. The 
fundamental frequency generator served to operate the 
rectifier motor and to supply power to the transformers 
as in Fig. 5. One phase of the 8rd harmonic machine 
of this set injected the voltage H’, into the neutral. The 
field of this machine was connected in series with the 
d-c circuit of the rectifier and was adjusted by an in- 
ductive shunt. The harmonic voltage HE’, was intro- 
duced into the neutral by a second 180-cycle generator 
connected to the main set. The field of this was excited 
in shunt from the d-c rectifier voltage when this was 
not too high. Equal reactances were connected into 
each of the a-c supply lines and adjusted for a drop of 
20 per cent at nominal load (5 amp). 

A 250-volt and a 1,500-volt motor-driven d-c genera- 
tor were used at different times as a d-c system for the 
purpose of loading. Sudden changes of d-c system 
voltage for the purpose of causing transient reversal 
from rectification to inversion were produced by switch- 
ing resistance in and out of the d-c generator field. A 
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high steadying reactance in the d-c circuit made possible 
a direct current practically free of ripples. 


EXPERIMENTAL RESULTS 


The oscillograms of Fig. 9 show the operation as a 
rectifier with a d-c voltage of about 150. The symbols 
naming the various traces have the meaning attached to 
them in the earlier parts of the paper. It will be in- 
teresting to compare the wave forms of this figure with 
those predetermined for different conditions shown in 
Fig. 2. It will be noted that the d-c voltage, the trans- 
former current and the rectifier current are in phase. 

Fig. 10 shows similarly the operation as an 2nverter. 
The a-c voltage and current are now in phase opposition. 
These curves demonstrate the manner in which the a-c 
system current-form results from the combination of 
the steady current from the inverter and the condenser 
current. 


Fig. 9—OscILLOGRAMS OF RECTIFIER OPERATION WitH HicuH 
STEADYING REACTANCE IN THE D-C Circuit 


I,—Neutral current 
I,;—Condenser current 
I; —Transformer current 


Iq—Rectifier (a-c) current 
Eq—RKectifier a-c voltage 
Eq—D-ec voltage 


Fig. 11 shows zero load operation. The surges in the 
condenser current indicate discharges due to imperfect 
voltage neutralization at the beginning of the short- 
circuit period. 

The oscillograms shown do not represent operation as 
satisfactory as is obtainable at larger currents; they were 
selected as best typical of Figs. 2 and 3. A ninth har- 
monic of voltage, probably due to the reactions in the 
auxiliary machines, appears on heavier loads which 
modifies the forms of J; and J, considerably but produces 
no change in the quality of the transits (see Fig. 12 for 
heavier loads). 


AUTOMATIC ADJUSTMENT OF FE, AND E, 


In order to make a check on the perfection of the auto- 
matic adjustments of the harmonic voltages E, and E,, 
with load changes, it was decided to cause a transient 


SEYFERT: SYNCHRONOUS-MECHANICAL RECTIFIER-INVERTER 


Transactions A.I.E.E. 


load change. Two values of field excitation for the d-c 
system machine were found, one resulting in nominal 
direct current inverting and the other giving the same 
current rectifying. By the throw of a switch the 
rectifier could suddenly be thrown from one operating 
condition into the other. Since the transient associated 


with field decay giving a change from inversion to rec- 
tification practically was complete within 2 seconds, it 
was selected for the oscillograms of Fig. 12. It will be 


Fig. 10—OsciLLoGRamMs oF INVERTER OPERATION witH HiGH 
STEADYING REACTANCE IN THE D-C Circuit 


Fig. 11—Oscinttograms or Zero-Loap OPERATION 


noted that E,, decreases with the a-c system voltage, 
E’, passes through zero and reverses in phase at the cross- 
over point, J, undergoes similar changes, the direct cur- 
rent and the three-phase watts reverse at the same 
point. This performance seems promising since it was 
obtained by means of auxiliary apparatus not especially 
designed for the purpose. No arbitrary adjustments of 
any kind were possible during the passing of this 
transient and the commutation was perfectly black 
during the period. 
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INVERTER WITHOUT A-C EXCITATION 


The commutator operates without sparking when the 
a-c system is totally disconnected and, with the help 
of the transformers and condensers, generates polyphase 
voltages of non-sinusoidal wave form. Contrary. to 
what was at first believed, the apparatus can supply not 
only power but also polyphase excitation to the a-c 
system as demonstrated by the following experiment. 

The inverter was supplied with nominal d-c voltage. 
A balanced three-phase resistance load (5 amp nom.) 
was arranged to be thrown on suddenly. A highly 
reactive balanced three-phase load of 5 amp was simi- 
larly arranged. The transient of Fig. 18 occurred when 
the non-inductive load was disconnected and the in- 
ductive load thrown on. None but the automatic ad- 
justments of H,, and E, could occur during the period. 
The transits were satisfactory and the commutation 
absolutely sparkless. The excessive voltage ampli- 
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circuiting type can be made to be perfectly reversible 
so as to permit operation as an inverter. 

2. Theoretically correct a-c voltage conditions to 
assure proper commutation and sparkless operation 
may be secured by the use of two odd harmonic voltage 
components (FE, and E,). 

3. The two harmonic components E,, and EF, ean be 
automatically varied so as to secure successful operation 
on transient load changes including that of d-e short 
circuit. 

4. The apparatus designed for the above uses is 
capable of delivering both power and excitation to an 
unexcited polyphase system. 

5. A rectifier-inverter of the kind described can take 
the place of moderate-voltage converting or frequency- 
changing equipment and promises to be of use in the 
solution of the problem of high-voltage d-c power 
transmission. 
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Transient from three-phase resistance load to three-phase highly reactive load 


tudes during the no-load period are due to the stored 
energy in the high d-c line reactance. A moderate re- 
actance at this point will result in reasonable values of 
the a-c voltage. 

The apparatus has been operated on currents up to 
25 amp (the limit of receiving machine) without spark- 
ing and with observed transits of the same form as 
those shown in the oscillograms. The highest d-c 
voltage used on rectification and inversion was 1,500. 
At this voltage, the current passed was 2 amp (the limit 
of the receiving d-c machine). The commutation was 
again sparkless. Theapparatusdemonstrated its sturdi- 
ness in that considerable changes in H,, E', or brush 
position could be made under load without causing 
sparking. 


SUMMARY 


The following conclusions may be drawn as a result 
of this work: 
1. A synchronously driven rectifier of the short- 


LIMITATIONS 


1. The rectifier-inverter described 
machine. 

2. The problems of rotor balance and of wear must 
find solution. 

3. The practical voltage limits have not been 
determined. 

4, When used in connection with high total a-c sys- 
tem reactance, a considerable kva capacity of auxiliary 
machinery and condensers is required. 


is a rotating 
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Discussion 


N.S. Hibshman: Since the author’s remarks on the subject of 
the application of the rectifier have been confined to the field of 
high-voltage transmission where system reactances are neces- 
sarily high, and the use of a static condenser as an aid to commu- 
tation has therefore been assumed, it may be pertinent to add 
that the condenser is not essential to the operation of the rectifier, 
but is rather to be considered as a means of relieving the duty of 
the quadrature third-harmonic voltage to whatever extent the 
economics of the particular case may dictate. 

The maximum value of the quadrature third harmonic, or 
commutating voltage, is given by equation (2) in the paper. 
Assuming several values of system reactances and for each plot- 
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Fic. 1—Commuratine Voutace, Er, IN PER CENT oF FUNDA- 
MENTAL PHase VOLTAGE PLorreD AGAINST CONDENSER CAPACI- 
TANCE FOR REPRESENTATIVE SYSTEM REACTANCES 


ting the commutating voltage (H,) amplitude in per cent of 
fundamental amplitude as a function of capacitance the graphs 
of Fig. 1 result. It then appears that satisfactory commutation 
may be had with any combination of capacitance and #, within 
the limits shown. - It will be seen that in a low-reactance system 
such as would be associated with a low-voltage power rectifier, 
the condenser has little effect and may be eliminated without 
material effect on the required percentage of H,. However, 
according to equation (3), it appears that the condenser com- 
ponent of harmonic current has an important influence on the 
value of the neutralizing harmonic voltage and that the elimina- 
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tion of the condenser will call for considerable increase in the 
amplitude of the generated Z,. 

The oscillograms in Fig. 2 were made while the rectifier 
operated without condensers, and show that the quality of com- 
mutation is unimpaired by the absence of the condenser when 
its funetion is supplanted by the proper increase in commutating 
and neutralizing voltages. 

The oscillograms were made with the rectifier operating as 
part of a miniature three-phase system of 20 per cent reactance 
in which the nominal d-c load was 5 amperes. The experimental 
rectifier has delivered 25 amperes when operating on high re- 
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A—Oscillogram of a-c voltage and current operating as an/inverter with- 
out condenser 

B—Oscillogram of d-c voltage and neutral current for inverter operation 
corresponding to A 

C—Oscillogram of a-c voltage and current input—rectifier operation 
without condenser 

D—Oscillogram of d-c voltage and neutral current—trectifier operation 
asin G 


actanee systems and as much as 75 amperes on low reactance 
systems. The latter current represents an average current 
density at the brush contacts of 200 amperes per square inch. 
At no time, however, has the capacity of the experimental 


rectifier been reached, the load limit having been set by the 


capacity of auxiliary equipment in all cases. 

H. E. Kent: The oscillograms in the paper indicate the 
presence of considerable wave shape distortion on both the a-e 
and d-e side of the rectifier-inverter. This is of interest in its 
bearing on the coordination of power and communication sys- 
tems from the standpoint of noise induction, since power system 
wave shape is an important factor in this problem. 

In recent years there have been a number of cases of noise “ 
interference in telephone circuits where wave shape distortion 
caused by mercury are rectifiers was involved. Experience has 
shown that in those situations involving wave shape distortion 
on the d-c load side of a rectifier selective devices such as resonant 
shunts offer a feasible method of reducing such distortion. How- 
ever, where the a-c supply circuits to a rectifier are concerned in 
a case of interference, the problem is more difficult and no 
generally applicable solution has been found. The Joint Sub- 
committee on Development and Research of the N.H.L.A. and 
Bell System is actively working on this latter aspect of the wave 
shape distortion caused by mercury are rectifiers. 

In view of the difficulties which have been experienced in 
attempting to improve the wave shape of the a-c supply lines to 
rectifiers by the application of external equipment it would 
appear to be very desirable that consideration be given to wave 
shape during the development stage of these new types of 
rectifiers and inverters. 

J. J. Linebaugh: Professor Seyfert has given an interesting 
analysis and description of a synchronous-mechanical rectifier- 
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inverter, but it is evident that a great amount of work will be 
required to obtain a practical commercial unit even for fairly low 
voltages. 

There are many difficult problems in the design of a mechani- 
eal rectifier commutator to take care of appreciable currents and 
the writer believes such a commutator is still to be developed. 
During the years 1924-27, the writer was actively connected with 
Mr. T. C. Lennox in an attempt to build such a commutator and, 
although after several trials a fairly successful commutator was 
produced, it still had serious limitations for large capacities. 

It would be interesting to learn why standard graphite brushes 
were not used instead of the copper brushes with their short life 
and inclination to cut and wear the segments. The copper dust 
from such brushes is also very objectionable especially for high 
voltage commutators. 

Did Professor Seyfert try to overload the sample commutator 
or raise the amperes to be commutated above 25 amperes? 

S. S. Seyfert: Replying to the question of Mr. Linebaugh as 
to the highest currents and voltages that can be handled by this 
rectifier-inverter, the writer would recall Professor Hibshman’s 
discussion; which stated that the largest direct current passed 
by the experimental apparatus was 75 amperes with an a-c sys- 
tem reactance of 5 per cent. This value was reached as the 
practical limit of the auxiliary machines’ capacity for furnishing 
the harmonic voltage. The theoretical limit of current, apart 
from that imposed by the auxiliaries, is the brush contact area 
provided by the design. The voltage limit is determined by the 
arecover value or by the exactness of voltage neutralization that 
can be maintained. 
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Carbon brushes were at least temporarily abandoned for lami- 
nated copper because the lack of facilities prevented the securing 
of dynamic balance of the rotor. The metal brushes rode the 
rings perfectly in spite of considerable vibration. Under normal 
operation, no biting action at the segment tips was noted and 
the rotor was trued but once during the experiments, after a 
period of unusual abuse. 

In response to Mr. Kent’s suggestion that consideration be 
given to the harmonies in the a-c supply system, it may be said 
that, although the a-c wave form acting from line to neutral in 
the transformers is modified greatly by the insertion of the har- 
monies into the neutral connection, the voltage between lines 
still remains sinusoidal. In the connection shown by Fig. 5 of the 
paper, the 3rd harmonic components of current and multiples 
thereof such as the 9th, 15th, ete., must needs flow in the neutral 
connection to the generating source. This flow of the harmonies 
may be prevented or at least greatly reduced by locating the 
condensers C, C2 and C3 between lines and neutral immediately 
to the left of the harmonic generator A; without seriously im- 
pairing their effectiveness as an aid to commutation. 

Although the apparatus was developed with the idea of apply- 
ing it to the solution of the problem of high-voltage transmission, 
it would at present appear that the application attended with 
least practical difficulty would be that of rectification or in- 
version in connection with moderate voltage systems. When so 
applied, there should result a considerable reduction in capital 
investment and a large increase in efficiency since the estimated 
losses would be but slightly greater than the nominal losses in 
the transformers. 


Progress Report on Impulse Testing of 
Commercial Transformers: 


BY F. J. VOGEL* 


Associate, A.I.E.E. 


and 


Synopsis.—The transformer subcommittee of the A.1I.E.E. 
electrical machinery committee presents herewith a progress report 
covering its work to date on the impulse voltage testing of commercial 
electric power transformers. A tentative test procedure has been 


A’ THE A.J.E.E. winter convention in January 
1932, the electrical machinery committee of the 

Institute assigned to the transformer subcom- 
mittee the task of determining the feasibility of impulse 
voltage tests on commercial transformers and of making 
recommendations for such tests, if possible. Agree- 
ment has been reached on a tentative test procedure, 
although complete agreement has not yet been reached 
on all details. 

One of the first questions considered was the possi- 
bility of detecting impulse voltage failures. Trans- 
formers in service show the effects of insulation failure 
only by their inability to deliver power and by the 
formation of power arcs within the windings. For 
this reason, the combination of normal frequency 
excitation with impulse tests was carefully considered, 
since with this arrangement service conditions are 
duplicated and a transformer withstanding a test of 
this kind reasonably might be expected to stand up 
in service. Considerable experience with such a method 
already had been obtained when the subcommittee 
undertook this study, and the results of this experience 
appeared favorable; the subcommittee therefore de- 
voted its efforts to the development of a practical test 
procedure along this line. 

The purpose of making impulse tests on a trans- 
former is to give a reasonable demonstration that the 
transformer has met the specification requirements as 
to impulse strength. The low frequency dielectric tests 
that have been used in the past cannot demonstrate 
this because the low frequency test voltage is of lower 
magnitude and is uniformly distributed throughout 
the winding, whereas the lightning voltage is generally 
of much higher magnitude and may depart radically 
from a uniform distribution. Impulse tests therefore 
will give a more adequate demonstration of the suffi- 
ciency of the insulation strength of transformers for 
service conditions. 


*Westinghouse Elec. & Mfg. Co., Sharon, Pa. 

+General Elec. Co., Pittsfield, Mass. 

tSponsored by the transformer subeommittee of the A.].E.E.— 
H. V. Putnam, chairman; G. M. Armbrust, E. S. Bundy, J. E. 
Clem, Basil Lanphier, H. C. Louis, A. C. Montieth, V. M. 
Montsinger, L. C. Nichols, E. D. Treanor, and F. J. Vogel. 

Presented at the A.I.E.E. Winier Convention, New York, N.Y., 
January 23-27, 1933. 
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agreed upon, although complete agreement has not yet been reached 
on all details. It ts hoped that this report will stimulate among 
members of the Institute discussion that will be helpful to the com- 
mittee in completing a formal test code during the coming year. 


EQUIPMENT REQUIRED FOR TESTING 


Impulse testing equipment (generator, discharge 
circuit, cathode ray oscillograph, and voltage divider) 
shall consist of only such parts and circuits as can be 
analyzed readily regarding the constants which have 
an appreciable effect upon the shape and amplitude of 
the voltage wave applied to the transformer under 
test. Such factors as the capacitance and inductance 
of the transformer under test, length of circuit from 
impulse generator to transformer, length of cable from 
divider to cathode ray oscillograph, length of main 
discharge circuit, as well as electromagnetic and electro- 
static interference effects all must be taken into con- 
sideration. Testing technique and operation of the 
testing equipment should be that best suited for the 
purpose. 

The equipment, in addition to that required for the 
producing and recording the waves, will consist gen- 
erally of a source of power for exciting the transformer 
under test, means for synchronizing the impulse wave 
with the crest of the alternating voltage wave, a stand- 
ard point gap, and means for limiting the power-follow 
across the gap. A technique of cathode ray oscillo- 
graph measurement should be developed for each test 
equipment so that the accuracy of the oscillograph and 
its potentiometer with respect to both time and voltage 
can be demonstrated. 

The equipment should be located as closely together 
as possible. Nevertheless, it is necessary to provide 
sufficient space between all parts of the equipment so 
that there is no interference, and to provide for prac- 
tical considerations. With this in mind, and to permit 
reasonable accuracy, it is recommended that the trans- 
former terminals, coordinating or test gaps, and 
measuring equipment be within a range of less than 
150 circuit feet. 


METHODS OF APPLYING TESTS 


Constants of the surge generator should be adjusted 
so that the specified wave shape is obtained with the 
transformer connected. After the proper initial ad- 
justments for the transformer under test are completed, 
changes in the test voltage can be made by varying 
the voltage applied to the surge generator, without 
requiring additional demonstration in regard to wave 
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shape. Should the voltage applied to the transformer 
be changed by changing the constants of the circuit, it 
will be necessary, of course, to demonstrate the wave 
shape for the changed conditions. 

The impulse wave should be applied with the trans- 
former excited and with the wave synchronized at or 
within 30° of the crest of the excitation voltage. The 
two waves should be of opposite polarity at the time 
of synchronization, as this provides the severest test 
of the windings. 

The test should be made on one terminal at a time. 
This simplifies test procedure, and generally will satisfy 
all requirements for a rigid test. Where series trans- 
formers for regulating purposes or other similar equip- 
ment require special protective devices, these should 
be in the circuit during the tests. During each test all 
bushings on windings not being tested will be either 
grounded or protected by appropriate means. 


TYPE OF WAVE To BE APPLIED 


The full wave will be satisfactory if it has a nominal 
front of from 1% to 2% usec, and a tail reaching half 
the crest voltage in from 40 to 50 usec from the point 
on the front of the wave at which the voltage is 10 
per cent of the crest voltage. The nominal front of 
the wave can be determined by measuring the time 
between points on the front at which the voltage is, 
respectively, 10 and 90 per cent of the crest value; 
this time divided by 0.8 will define the front of the wave. 
If there are oscillations on the front of the wave, the 
10- and 90-per cent points should be determined from 
the average smooth wave front sketched in over the 
oscillations. The wave should be as smooth as possible 
because oscillations have the effect of increasing the 
stress on the winding under test. The wave shape 
should be recorded by the cathode ray oscillograph. 


Tests To BE APPLIED 


In all tests the transformer tank will be grounded 
directly and test gaps, where they are used, will be 
connected directly to the same ground. Each terminal 
of the transformer to be tested should be tested with 
waves of positive polarity having respectively: 


1. A voltage not more than 10 per cent less than the minimum 
impulse voltage permitted by the specified test gap directly 
connected to ground. 

2. A voltage just sufficient to flashover the specified test gap 
directly connected to ground. 

3. A crest voltage at least 10 per cent greater than the mini- 
mum flashover voltage of the test gap directly connected to 
ground. 

4, A voltage of sufficient magnitude to flashover the bushing. 

5. A voltage as great as that specified in No. 3 or 4, but with 
means for maintaining the excitation voltage across all parts of 
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the winding. The purpose of this requirement is to prevent 
short-circuiting the windings through the power follow over the 
gap or bushing immediately after the impulse, which would 
cause the dynamic voltage to collapse and thus prevent the 
detection of an internal failure. 


It is recognized that these tests do not make any 
allowance for the effects of variations in humidity and 
relative air density, and may not provide tests of the 
desired severity. However, the transformer subcom- 
mittee is giving consideration to these matters. 

The transformer bushing and test gap shall have a 
minimum flashover voltage at least 10 per cent greater 
than the minimum flashover voltage of the proposed 
standard A.I.E.E. coordination gaps.! To obtain this, 
test gaps as indicated in Table I will be used. 


THE DETECTION OF FAILURES 


Because of the nature of impulse voltage failures, 
one of the most important matters is the detection of 
failure. There are a number of positive indications of 
insulation failure. Some of these are: noise within 
the transformer; presence of smoke; excessive current 
or drop in voltage in the excitation circuit; failure of 
the gap or bushing to flashover when actually a sufficient 
surge voltage is applied; presence of oscillations or other 
variations from the expected wave shape as indicated 
by cathode ray oscillograms. These are positive indi- 
cations of failure and will satisfy all practical re- 
quirements. 


TABLE I—TEST GAPS RECOMMENDED FOR IMPULSE 
TESTING OF TRANSFORMERS 


Tentative 
Circuit voltage class, standard coordination Test gaps, 
Kv gap, In. In. 
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6.9-13.8)0r 15) YiOrlA js aces AUG a aieia Sunita ca tenaNranayel sok 43% 
23). 1°) Oe PRR edo IQ ote ata ds eee ahaseral ate th 
S43. ~ jo centen shoepen ernie: O34 ores dies. ceaane ee s 10% 
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*Recommended by the transformer subcommittee on Nov. 18, 1932. 
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Factors Influencing the Insulation 


Coordination of Transformers 
BY F. J. VOGEL* 


Associate, A.I.H.E. 


INTRODUCTION 


N the early days of the electrical industry, surges 
were relatively mysterious as to their origin, magni- 
tude and behavior. The ordinary factory tests now 

required by the A.I.E.E. rules were the reflection of 
experience and judgment rather than the analysis 
which has been made possible in the last few years. 
From experience, it was found on the one hand that it 
was necessary to increase the insulation of some parts 
of the transformers far above the requirements of the 
A.I.E.E. rules (7. e., turn and coil insulation, bushings) 
and, on the other hand, to limit the voltages transmitted 
to the transformer from the line, by the specification of 
line insulation and protective gaps.!_ In the meanwhile, 
progress has been made in the laboratory study of the 
surge characteristics of the insulators, gaps, and insula- 
tion structures commonly used in transformers.2 This 
paper presents data from these insulation studies and 
shows the relationships between the present coordina- 
tion standards and the strength of transformer insula- 
tion. The results of tests of insulation under oil are 
reported, the strength of the various voltage ratings of 
transformers estimated and these in turn compared to 
the flashover values of line insulation and gaps. 


SURGE STRENGTH OF INSULATIONS UNDER OIL 


The heart of the insulation of a transformer, as de- 
termined by the present A.I.E.E. rules, is in the insu- 
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Fig. 1—View or SuHett Type TRANSFORMER INSULATION IN 
Tron OPENING 


High-voltage and low-voltage coils are shown shaded 


lation between the high-voltage and low-voltage wind- 
ings, commonly known to the designer as major insula- 
tion. It is desired to keep these insulation clearances 
as small as possible to obtain low reactance, low losses, 


*Transformer Engineering Department, Sharon Works, West- 
inghouse Electric & Mfg. Co. 

1. For references see bibliography. 

Presented at the Winter Convention of the A.I.E.E., New York, 
N.Y., January 23-27, 1933. 


and the greatest economy in materials. The conven- 
tional means of obtaining such a result is in the use of 
tubes and angle rings in the core type transformer, and 
in the use of sheets and angles interleaved in the shell 
type transformer. Such constructions are shown in 
Figs. 1 and 2. Accordingly, models using these con- 
structions were made and given both 60-cycle and surge 
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Fig. 2—View or Cork Tyrer TRANSFORMER INSULATION MopEL 


The low-voltage coil and iron are represented as one piece 


tests, for the purpose of obtaining data on the strength 
of major insulation. 

It should clearly be understood that the results ob- 
tained apply only to the major insulation and do not 
represent the insulation strengths of complete trans- 
formers unless the insulation between turns and coils 
has been so made that even under the conditions of 
surge tests the major insulation is the weakest part of 
the entire structure. 

The shell type models were first given 60-cycle tests 
to breakdown voltage. The results of these tests are as 
given in Table I. The procedure of testing was to hold 
the voltage 60 seconds, to allow 5 minutes rest and then 
to increase the voltage to the next step. 


TABLE I—TESTS ON SHELL TYPE INSULATION MODELS 
60 CYCLE—70 DEG C OIL 


Model Voltage held 1 min—kyrms Voltage at failure—ky rms 
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Similar models were tested to breakdown with posi- 
tive surges at both Trafford and Sharon. The waves 
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used were approximately 114 usec front and 40 psec 
from the crest to half value. The results of these tests 
are plotted in Fig. 3. The comparison between these 
results and the 60-cycle tests (approx. impulse ratio) is 
shown in Fig. 4. 

The core type models were likewise tested at 60 cycles 
to breakdown, with results as given in Table II. 


TABLE II—TESTS ON CORE TYPE INSULATION MODELS 
60 CYCLE—70 DEG C OIL 


Model Voltage held 1 min—kyrms Voltage at failure—kv rms 
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Surge tests on the core type models were made simi- 
larly to those on the shell type transformer models. The 
results of these tests are shown in Fig. 5, and the ap- 
proximate impulse ratio in Fig. 6. 
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Fie. 3—Time Lag Curve or SHEett Type TRANSFORMER 
Insutation Moprn Usine 114-40 Positive Wave 


It may be objected that these are not representative 
of all types of major insulation. These tests represent 
conditions where the dielectric field is formed between 
metal surfaces with square corners. The highest punc- 
ture voltages for a given distance have been obtained 
with flat sheets, in which case the formation of corona on 
the surface appears to result in a more uniform distribu- 
tion of dielectric stress through the sheet. A compari- 
son of the 60-cycle and surge strength for such condi- 
tions has been made. The barrier consisted of two 1%- 
in. fullerboard sheets and two 3¢-in. oil ducts, as shown 
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in Fig. 7. The extension of the barrier beyond the 


electrode was such as to produce puncture. The results 
of this test are given below: 


Max. 60-cycle hold strength 


60 sec test Surge strength 
Impulse 
Rms Crest Voltage Time lag ratio 
BB, vl @ ee Se 22VV soc ees ABB GVienclecane 4.5 PSCC........ 2.2 
ABO ME Vieciess tote Gi. EOC. mate cays 2.04 


See 
TIME IN MICROSECONDS 
Fic. 4—Imputse Ratio Curve or SHELL TyPpE TRANSFORMER 
INSULATION FOR 114-40 PositTIVE WavE 


Indications in these tests were that the time lag curve 
was quite flat as even with increased voltage settings of 
the surge generator, no appreciable increase in break- 
down voltage was obtained. 

Similar tests with negative surges have been made. 
To accelerate the work, barriers similar to Fig. 8 were 
made, which simulate the conditions of interleaved in- 
sulation in the models. The average 60-cycle break- 
down was found to be 345-kv rms or 490-kv crest. 
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Positive time lag data are shown in Fig. 9, along with the 
results for the tests with negative waves. The average 
time lag curve of the major insulation of transformers, 
whether positive or negative, is therefore seen to be 
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nearly the same and to be flat down to at least two or 
three microseconds. 

To sum up these tests, it appears that the impulse 
ratio of transformer major insulation for time lags 
of the order of 2 microseconds or longer is approxi- 
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Fig. 6—Imputse Ratio Curve or Core Type TRANSFORMER 
INSULATION FOR 114-40 PosiTIVE WaAvE 


mately 2.2. These conclusions have been checked by 
tests of complete transformers and windings, where 
adequate winding strength, as in surge proof trans- 
formers,? was obtained. 


COMPARISON OF SURGE STRENGTHS OF INSULATORS, 
GAPS, BUSHINGS AND TRANSFORMER MAJOR 
INSULATION 


In recent articles,? the strength of insulators and gaps 
has been published, and it is now possible to compare 
these against transformer insulation strength. This is 


Yg' FULLERBOARD 
SHEETS 


Fic. 7—ARRANGEMENT OF ELECTRODE AND INSULATION TO 
DertrEeRMINE Maximum Puncture STRENGTH OF FULLERBOARD 
AND OiL Ducts 


Total thickness of fullerboard and ducts is 1 inch 


best done by the use of time-lag curves. Accordingly 
typical time-lag curves of the 66-, 1382- and 220-kv 
classes are shown in Fig. 10. In these curves, the stand- 
ard conditions of air density and humidity of 25 deg C, 
760 mm barometer and 6.5 grains of water vapor per 
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cu ft of air are assumed. Further, in estimating the 
surge strength of the transformer insulation, the factor 
of 2.2 times the standard test voltage has been used 
which assumes the same factor of safety in the surge 
test for the major insulation as for the 60-cycle test. 
Since the factor of safety on test is unknown for different 
manufacturers, this makes the assumption that test or 
guarantee is not within closer limits for surge strength 
than for the 60-cycle breakdown strength. 

For purposes of analysis, it is suggested that the 
230-kv insulation class be chosen. From the curves, 
Fig. 10, the possible relationship between the service co- 
ordination gap, test gap or bushing, the previous stand- 
ard of line insulation and the transformer insulation can 
be seen. 

First, curve C shows the position of the line insulation 


GROUND 


Fig. 8—ARRANGEMENT OF ELECTRODES AND INTERLEAVED 
INSULATION FOR CHECKING RESULTS OF Mopet TESTS AND FOR 
THE INVESTIGATION OF NEGATIVE SURGES 


with regard to the transformer insulation. This is of 
interest for two reasons. One is that it shows that co- 
ordination at short time lags might not be obtained with 
the recommended line insulation if the transformer were 
built just to meet the prescribed A.I.E.E. high-voltage 
winding tests. Another fact disclosed is that if the bush- 
ing is in excess of the line insulation, the margin between 
the bushing and transformer insulation may be greatly 
reduced. 

Next curve A shows the position of the coordinating 
gap relative to the transformer insulation. It is readily 
seen that ample margin will be obtained except at ex- 
tremely short time lags, and since the time lag curve for 
transformer insulation also turns up, a margin is ob- 
tained. 

The position of a proposed minimum bushing level is 
next shown as curve B. Several advantages of this level 
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can be cited. First, it is desirable to keep this level as 
low as possible to provide a maximum margin between 
the insulation strength and the bushing flashover. 
Second, a sufficient margin above the coordinating gap 
is necessary to prevent bushing flashover in service. A 
minimum margin of 10 per cent probably satisfies both 
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Fig. 9—Surce VouTacEe STRENGTH OF INTERLEAVED BARRIER 


FoR Boru PosiTivE AND NEGATIVE WAVES 


ax Results for positive waves 
o Results for negative waves 


requirements to the best advantage. It should be par- 
ticularly observed that protection to the extent of the 
coordinating gap cannot be obtained with the bushing, 
but the greatest degree possible will be obtained by 
keeping the bushing to the lowest level. 

It is to be noted that the above relationships are for 
standard air density, humidity and positive waves. 
From inspection of the time lag curves, it will be seen 
that the shorter time lags are the critical ones. From in- 
spection of the data furnished by Mr. F. D. Fielder, on 
density and humidity effects on gaps,” it is not believed 
that density or humidity conditions above the standard 
will appreciably affect the voltages at these short time 
lags. They will, however, be of importance for the longer 
time lags but here the margin of strength for the insula- 
tion is much greater. 

Tests have been made with negative waves and they 
indicate little increase in voltage for short time lags 
compared to positive waves. There is however some 
increase in the voltage for long time lags due to change 
in polarity. Complete data of the effect of humidity on 
negative waves is not yet available. Nevertheless it is 
important that the effect of negative waves be consid- 
ered. One reason for this is the fact that the highest 
lightning surges on lines have generally been found 
to be negative.‘ 
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An estimated curve of the relationships existing be- 
tween the standard point gap and insulation for nega- 
tive waves is shown on curve 11, for the 230-kv class. 
This is of interest in indicating still further the desira- 
bility of keeping the bushing characteristics at the 
lowest level. 


THE COORDINATION PROBLEM 


Originally it was the opinion of engineers generally 
that since transformers gave satisfactory service, co- 
ordination of the transformer insulation with the line 
insulation was obtained. Surge voltage data were not 
available for the effects of humidity and air density on 
the line insulators, nor was there any appreciable 
amount of data available for insulations under oil. 
Service experience is not a thorough indicator of surge 
voltage strength, because first the number of strokes 
close enough to the station to result in the highest 
stresses possible is small, and second, even if close, the 
electrical constants of the transformer and substation 
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Fie. 10—Comparison oF PositIvE WAvE TimE Lac Curves 
FOR TRANSFORMER INSULATION WITH LINE INSULATION AND 
STANDARD Gaps 


Group I is for 230-kv class, Group II is for 138-kv class and Group III is 
for 69-kv class. A for all classes is the present standard coordinating gap 
time-lag curve for the voltage class. B is the curve for the proposed gap for 
testing purposes and is a proposed bushing level. C is the curve for the line 
insulation formerly proposed for coordinating purposes. D is the minimum 
possible curve for the major insulation level based on the standard A.I.E.E. 
tests from the high-voltage winding to the low-voltage winding and ground 


may greatly modify and reduce them. It is of interest, 
therefore, (see Fig. 10) to note that with major insula- 
tion designed just to meet the requirements of the 
standard A.I.E.E. tests, coordination with the line 
insulators would have been obtained in the higher volt- 
age classes except at very short time lags. The margin 
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of coordination diminishes in the lower voltage classes, 
disappearing entirely at the 69-kv class. 

The point gaps more recently proposed show a logical 
agreement between the major insulation strength of 
transformers and the requirements dictated by experi- 
ence. For example, the gap spacings used are in agree- 
ment with experience in furnishing comparatively longer 
spacings for the lower voltages, and are also logical in 
furnishing a simple relationship between the full wave 
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Fig. 11—Comparison oF PosiITIVE AND NEGATIVE WAVE 
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A is the time-lag curve for a positive wave, the standard 64-in. gap and 
corrected to standard atmospheric conditions. B is the time-lag curve for 
a negative wave and the standard 64-in. gap, not corrected to standard 
atmospheric conditions. C is the curve for a negative wave for a 7034-in. 
gap proposed as a test standard and bushing level. D is the transformer 
insulation level 


values and the voltage class of the insulation as shown 
in Fig. 12. 

The surge strength of the major insulation and the 
gaps approach each other closest at a time lag of about 
2 microseconds, due to the difference in the shape of 
their time lag characteristics. In determining whether 
major insulation is properly coordinated, it is necessary 
therefore to examine the conditions at the 2-micro- 
second point and make certain that at this point a mar- 
gin does exist. Hence it is of interest to make an investi- 
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gation of this sort in the several voltage classes to de- 
termine if major insulation designed to meet the require- 
ments of the standard A.I.E.E. tests would be co- 
ordinated with the standard gaps at the 2-microsecond 
point. The results of such an investigation are presented 
in Table III. 

In this table an effort has been made to arrive at 
logical values for the surge voltage requirements of the 
major insulation for the different voltage classes. It 
shows that in voltage classes 34.5 kv and above, the 
requirement that coordination be obtained at the 2- 
microsecond point will determine the necessary surge 
voltage strength of the major insulation, and that these 
surge voltage strengths so obtained, when translated 
into corresponding 60-cycle tests, give values almost 
exactly in agreement with the present standard A.I.E.E. 
tests. In the lower voltage classes, however, this re- 
quirement would dictate surge voltage strengths less 
than would be required to meet the surge tests proposed 
by the Transformer Subcommittee, so that in these 
lower voltage classes the proposed surge tests would 
dictate the necessary surge voltage strengths of the 
major insulation. These strengths translated into cor- 
responding 60-cycle tests indicate that the present 
A.I.E.E. tests must appreciably be increased in these 
lower voltage classes. 

Particular attention should be given to Fig. 10, in 
that the characteristics of the various time lag curves 
vary so radically. In the coordination work so far ac- 
complished, characteristics such as obtained with the 
point gap or insulator strings only have been considered. 
The possibility of coordinating with a gap having im- 
pulse characteristics of similar shape to transformer 
insulation is an alternative. Such a gap might be a 
sphere gap. With the use of such a gap, a uniform factor 
of safety would be possible between transformer major 
insulation and the gap, instead of the variation now ex- 
perienced between short and long time lags. An example 
of the results to be expected from such an arrangement 
is indicated as follows: 


TABLE Iil 
Full wave 2 microsecond 60-cycle (C) Present 
Coordinating (4%—40) strength Major insulation transf. surge strength test req’d by 60-cycle 
Voltage class gap standard gap standard gap requirements (B) surge strength test 
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(A) Proposed values. 


(B) Major insulation requirements up to the 23-kv class are determined to meet surge tests 10 per cent above the filashover of a gap which is 10 per 
cent higher than the standard gap. In the higher voltage classes the major insulation strength is determined by the requirement that coordination must 


be obtained at a time lag of 2 microseconds. 
(C) Surge strengths divided by Y @ and by 2.2. 


(D) Manufacturers have long recognized the necessity for higher insulation strengths of these transformers, and it has generally been built in. 
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Any gap used should be protected by lightning ar- 
resters, to obtain continuity of service. The discharge 
voltage of an autovalve arrester for 230-kv service is in 
the neighborhood of 850 kv. The coordinating gap used 
might then be set to furnish some desired margin, and in 
turn a further margin taken for the transformer insula- 
tion above the gap. The total of these margins might 
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A gives the full wave values for the standard gaps and for the 114-40 
positive wave and is represented by the equation kv = 30 + 4.22 L where 
ky is the full wave value and L is the line voltage inky. B gives the maxi- 
mum test values according to the proposal of using a gap 10 per cent in 
excess of the standard gaps, and testing at 10 per cent in excess of the full 
wave value. The equation for B is kv = 36 +5.1L. C represents the 
voltages to give about 2 microseconds time lag for the standard gaps, and 
also represents the critical limit for coordination. Where C is in excess of 
B it represents the design limit for transformers. The equation for C is 
ky = 6.25 L 


then be 20 per cent, or 1,020 kv. This impulse strength 
would correspond to a 60-cycle test voltage of 328 kv. 
Since the present required test voltage is 461 kv, the 
possibility of reduction in surge strength requirements 
by such coordinating means is shown. It should be 
pointed out that in this case coordination with present 
designs of bushings would be impossible. 


SUMMARY 


The following conclusions have been reached: 
1. The time lag characteristics of major insulation are 


VOGEL: FACTORS INFLUENCING THE INSULATION 


Transactions A.I.E.E. 


practically the same for both positive and negative 
waves. 


2. The impulse ratio of major insulation is practi- 
cally 2.2. 


3. The present standard A.I.E.E. tests for the 34.5-kv 
class and above provide coordination with the proposed 
coordinating gaps. 


4, A.I.E.E. tests below 34.5-kv class are too low and 
should be increased. 


5. Greatest security is obtained if the surge flashover 
of the bushing is only slightly greater than that of the 
coordinating gap. A margin of 10 per cent is suggested 
as the most desirable bushing level. 
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Coordination of Insulation 


BY V. M. MONTSINGER* 


Fellow, A.I.E.E. 


Synopsis.—The general scheme of coordination is discussed. 
Average circuit insulation used in 1930 is shown. The relation 
that switching surges and arcing ground overvoltages bear on co- 
ordination is discussed giving the number and magnitude of such 
waves found in service. Levels of insulation in and around the 
station for outdoor and indoor apparatus are suggested. 

It is pointed out why a point gap offers the most reliable method 
of establishing the level for impulse testing of transformers. Also, 
reasons are given why bushings as made at present should not be 
used as the sole level for impulse testing. - 

It is shown that on account of the similarity of the volt-time 
curves for insulations and sphere gaps for short impulse waves, the 
use of a sphere gap in parallel with a rod gap will give an added 
protection against direct strokes on or near the apparatus terminals. 
Also, various proposed schemes are shown to give protection to the 
transformer and against outages for both fast and slow waves. 


GENERAL 


HE general principle of coordination of system 
insulation is the selection of insulation in propor- 
tion to the anticipated overvoltages. Particularly, 

the lightning overvoltages are considered as limited by a 
coordination gap, which thereby establishes the insula- 
tion level at which coordination is made. The use of the 
gap alone does not result in maximum operating reliabil- 
ity. Operating reliability at any system voltage can be 
increased by liberal use of protective schemes, by in- 
creasing the insulation safety factor in relation to the 
coordination gap, or by increasing the spacing of the 
coordination gap and establishing coordination at a 
higher level. On the other hand, proper use of voltage 
limiting and protective schemes will permit coordination 
at a lower gap level and reduce costs without sacrificing 
operating reliability. 

In Table I is shown the average circuit insulation for 
circuits 44-kv and up on lines which were in existence 
in 19380. It was at first proposed that the adjacent line 


insulation be used to limit the voltage which might be - 


applied to a station. This was not entirely satisfactory, 
since the adjustment could be made only in steps of one 
unit. Also, if the place of flashover can be localized at a 
point it is more convenient for maintenance of the gap 
and for the prevention of flashover by lightning arres- 
ters. Accordingly, the use of a gap was finally proposed 
and adopted. This gap is called the “coordination gap”’ 
and is used to set a maximum limit to the applied 
stresses and not as a protective device. 

The overvoltages which may appear on a system may 
be divided into two classes; switching surges and arcing 
ground voltages in the first class, and lightning impulses 
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For potential and current transformers having voltage ratings 
differing from standard it is suggested that the coordination gaps be 
selected from the curve of gaps vs. rated circuit voltages. 

It is shown how an air gap of standardized construction can be 
used to advantage in expressing the impulse flashover of insulators 
and bushings. Curves are given showing the gap spacings that are 
the equivalent in flashover to suspension and pedestal insulators for 
the 44/5, 1/10 and 1144/40 positive and negative waves. A proposed 
method to reduce the negative flashover of bushings is given. 

The effect of the shape of electrodes on the 60-cycle flashover of 
gaps is discussed and data given. Positive and negative impulse 
flashover values are given for coordination gaps, standard suspension 
and pedestal insulators. Also, the effect of humidity on the flashover 
of gaps and insulators is shown for the 14/5, 1/10 and 14%4/40 


waves. 
* * %* %* 


TABLE I—AVERAGE CIRCUIT INSULATION 


Nominal No. units! Coordination 
circuit : gap 
voltage Actual average Proposed? inches 
RBar Soak avers sane. of pho sles a al oes erable Shee eS NT at nent en 4 
DEW ad ccc Marais ayes te gealee'S Shah is ls ot ARSE Sere OMS Ste STR 6% 
SSCs Mee tre patos Sine drew aioe oo Gt Sioa aera rotere dameoeenel went 9% 
Ce SS eae ache Bld a Sy ie xo ea av oha lie, She = aay Orehaam tah oho 12% 
G6in yaee can asi Bist ate) ath Stonstaehe. hele rR Be 18% 
SSS csitpee pero eee Ce SAS ans Gaketaess cas ce 25 
LIO)) Gia sca atens Ligaav coon eens eosin syayet lene 31% 
1S Digs Sere h eoeh LOS eee Sere Sao cease oe 38% 
SAP sew ccaeue 6 ase LOS oreo cea oe LOS Sheahan streets 441% 
VSY eta s aerators ten ore LOS Shi aorasrontalers 127 ase Sse 544 
BIO coe es jase wel Soe aes oe 1 Oe cont eae 64 


INo. units refers to standard 534 in. by 10 in. suspension line insulators. 

2Originally proposed as reference insulation level. 

’These are mostly 434 in. by 10 in. units—approximately equivalent 
to 8 standard 5 % in. by 10 in. units. 

*Mostly Pacific Coast Region. 


in the second class. The overvoltages due to switching 
and arcing grounds are usually of such a nature that the 
60-cycle flashover voltages of the gap and station insula- 
tion should be considered in analyzing the possibility of 
flashover. This conclusion is based on a study! of surge 
voltage recorder records over a period of several years. 
In this study the wave front of the switching surges was 
determined. The study of the,data indicated that the 
lower voltage surges had wave fronts relatively slow, 
while the higher voltage surges had steeper and steeper 
wave fronts. 

In Table II there is shown a tabulation of switching 
surges covering a period of four years. These data are 
plotted in Fig. 1. Out of a total of 854 measured switch- 
ing surges only 4 were above 5 times normal; of these 4, 
2 were 5.2 times and 2 were 5.5 times line-to-neutral 
voltage. It does not seem necessary nor even reasonable 
to select insulation on the basis of the maximum switch- 
ing surge overvoltage. There is considerable evidence 
that if the 60-cycle flashover voltage is more than 4 
times normal, there will be very little probability of 
flashover from switching surges. As a corollary it can 
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TABLE II—SUMMARY OF RECORDED SWITCHING SURGES 
1927-28-29-30° 
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Power Company Times Normal Voltage 
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l1Includes line to Conowingo. 

2Miscellaneous properties over the country. 

3Recorders in 1930 were set so that they did not record any surges less 
than 1.6 times normal. 

4Of the 4 above 5 times normal, 2 were 5.5 times. 


be stated that there is no need for coordinating the 60- 
cycle flashover voltage of station apparatus, providing 
no insulation used has a 60-cycle flashover less than 4 
times the normal line-to-neutral voltage of the system. 

The overvoltages due to arcing grounds? are of the 
same order of magnitude as the switching surges on an 
ungrounded system and of lower magnitude on a 
grounded system. The wave fronts correspond to those 
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of switching surges, so that the insulation requirement 
should be the same for both switching surges and arcing 
ground overvoltages. If insulation is satisfactory from 
consideration of switching surges, it should also be satis- 
factory in regard to arcing ground overvoltages. 

Fundamentally, the lightning overvoltages on the 
line are independent of and are considerably in excess of 
any overvoltages set up by the system voltage, and 
therefore it is only necessary to coordinate with the gap 
on the basis of lightning overvoltages. The use of a co- 
ordination gap at the station to limit the lightning 
stresses establishes a definite level for design purposes. 
The line insulation then becomes entirely independent 
of the station insulation and the line may be designed to 
suit local conditions. The station insulation can always 
be referred to the coordination gap for the design level 
and uniform standards can be set up. 

Lightning investigations? during the past few years 
have clearly brought out the fact that lightning im- 
pulses occur over a wide range of wave shapes. On this 
account there is no typical lightning wave. Since the 
flashover voltage of insulations is affected by the shape 
of the applied impulse, it is necessary to set up a wave 
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shape, or wave shapes, for coordination purposes. The 
two most generally used waves have been the 14/5 
and 114/40 microsecond waves. Generally speaking, if 
coordination is obtained on short waves proper co- 
ordination is obtained for longer waves. 

Polarity also affects the flashover, the negative wave 
usually requiring the higher voltage. It is obvious that 
coordination should be attained in respect to both 
polarities. It is highly probable that if practical co- 
ordination is attained on the positive wave, it will 
automatically be attained for the negative wave, since 
the effect of polarity is generally less on gaps than on 
other apparatus. 

It has been proposed from time to time that there be 
a number of steps or levels of insulation within a station. 
This is not logical since nothing is gained by increasing 
the flashover of any part of the station equipment as far 
as external insulation is concerned. Therefore, the maxi- 
mum reliability for a given investment is obtained by 
making the insulation in a station area uniform. 

While the obvious place for the coordination gap to 
limit the lightning overvoltage applied to the station, is 
at the junction of the line and station, transformers fre- 
quently provide a reflection point and accordingly it 
becomes necessary to locate a coordination gap closely 
adjacent to the transformer, not more than 100 circuit 
feet distant for 69 kv and above, and not more than 50 
circuit feet distant below 69 kv. This assumes that di- 
rect strokes are prevented from reaching the station 
circuits. Overhead ground wires properly placed provide 
the best method of accomplishing this. 

Thus far the gap has been considered as a device for 
setting a maximum to the voltage which may be applied 
to the station apparatus. This gap, however, cannot 
function unless the applied voltage is greater than the 
flashover voltage of the gap and, therefore, it offers no 
relief from repeated application of voltages up to its 
flashover. When the gap does function an outage re- 
sults. Accordingly, the gap is not a protective device in 
the true sense of the word. 

The best way to reduce the voltage applied to station 
apparatus below the limiting value allowed by the co- 
ordination gap is through the use of a lightning arrester. 
The lightning arrester can be designed to reduce all 
voltages other than direct strokes which are more than a 
relatively small percentage above the maximum normal 
frequency voltage and thereby offers protection from 
overvoltages above this value. Therefore, it increases 
the operating safety factor between the tested impulse 
strength of the station apparatus and equipment and 
the applied impulse voltage. Experience indicates that 
with modern arresters, gap flashovers are of rare occur- 
rence. The use of the arrester thus prevents interrup- 
tions to service by preventing gap flashover, and at the 
same time absence of gap flashover demonstrates the 
ability of the arrester to perform its functions satis- 
factorily. 

Since altitude affects the impulse flashover of gaps 
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and other station apparatus similarly the coordination 
gap should be increased as the air density decreases at 
the higher altitudes. 


DISTRIBUTION VOLTAGES 


When circuit voltages below 15 kv are considered the 
problem of coordination becomes very involved. In this 
region, in addition to transformers, there are generators, 
motors, and synchronous condensers, as well as switching 
devices. Here, past practise has not developed insula- 
tion strength as great as that in outdoor transformers 
and station equipment such as bus supports and discon- 
necting devices. Before the final solution of this problem 
ean be reached, a great deal of further work must be 
done. Tentatively, equipment in this range may be 
divided into two classes, “‘outdoor” and “‘indoor.’”’ The 
proposed coordination gaps for 18,800, 8,700, and 4,500 
volts are 4 in., 3 in. and 2 in. respectively for the ‘‘out- 
door’’ classification and might be 3 in., 214 in. and 
114 in. respectively for the “‘indoor’’ classification. 


CABLES 


The situation in regard to cables is much more en- 
couraging. While the cable itself is more or less of a 
protective device and reduces the lightning overvoltages 
coming in from the line, the insulation strength of the 
cable and of the pothead should be in line with other 
station equipment whenever cables are used. When the 
cable joins two overhead lines the coordination gap 
should be used to set the maximum voltage and light- 
ning arrester protection‘ should be used if the cable is 
short enough to need it. 


TRANSFORMERS 


The coordination scheme in respect to transformers is 
that the transformer bushing be coordinated with the 
coordination gap and the windings be made stronger 
than the bushing. The real purpose back of this is a 
desire to make sure that the transformer bushing can 
flash over without failure occurring in the windings. 
Since transformer coordination is to be made on the 
basis of the bushing, it is obvious that this requires the 
standardization of the impulse flashover of bushings in 
reference to the coordination gap for each specific volt- 
age class. Bushings as at present used by the manufac- 
turers have different flashover values and so do not fulfill 
this requirement. Consequently, the present designs of 
bushings are not a comparative basis for transformer 
coordination. It then becomes necessary to set up stand- 
ards for the impulse strength of bushings. It is proposed 
that the standard flashover of bushings be 15 per cent 
higher than the flashover of the coordination gap on 
impulse. 

Since the bushing i is to be used as a level for making 
impulse tests on windings the impulse flashover of all 
bushings must be standardized. Furthermore, means 
should be provided for adjusting the arcing distance to 
get the same kilovolt value under all humidity and air 
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density conditions since the dielectric strength of oil- 
immersed windings is not affected by changes in the 
atmosphere. This can be done on General Electric bush- 
ings and probably on other types by attaching a short 
adjustable gap to the base or center clamp which gap 
will also serve to reduce the negative flashover values. 

Again, on account of differences in atmospheric con- 
ditions manufacturers are often asked to furnish for the 
same rated circuit voltage bushings whose creepage dis- 
tance and arcing lengths are larger than the standard. 
It is true that oversized bushings can and have been 
provided in certain cases with gaps to reduce the im- 
pulse flashover. Some operators, however, object to 
gaps on bushings, preferring to depend upon an outside 
gap to take the flashovers. To require that the winding 
be stronger than the flashover of these special bushings 
is unsound economically because to follow this practise 
would require that the impulse strength of windings be 
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The sphere gap curve plotted above is not intended to represent the 
curve of a laboratory sphere gap. It is intended to approximate the curve 
of a sphere gap as might be affected by dirt and other adverse conditions 
in practical installation. It is thus a pessimistic curve 


made stronger merely on account of poor atmospheric 
conditions. 

The impulse level for which transformers (both wind- 
ings and bushings) are to be insulated and tested, should 
therefore be established by something that will give the 
same results when used by all manufacturers. A stand- 
ardized air gap is the best device available at the present 
time. 


COORDINATION OF TRANSFORMERS WITH COORDINATION 
GAPS 


Waves Other Than Direct Strokes. The proposed co- 
ordination gaps will perform their intended function 
when subjected to any kind of waves that may come in 
over the line as the result of induced strokes or of direct 
strokes on the line out some distance from the station. 
The rod form of coordination gap has been selected be- 
cause of its convenience and because it is not readily 
affected by dirt, corrosion, rain, etc. 
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Direct Strokes. This paper would not be complete, 
however, if it did not include the results of research and 
suggestions for protection for very steep front waves 
that may occur in the rare cases of direct strokes at or 
very near the terminals of the apparatus. The difference 
between direct stroke waves and indirect stroke waves 
is that the former are likely to have very steep fronts 
whereas the latter have more sloping fronts. 

A large number of tests has shown that the margin of 
safety between a given insulation and a rod gap de- 
creases as the applied wave front decreases or approaches 
the effect of a direct stroke. Accordingly, if it is desir- 
able to keep a given margin of safety in practise for 
direct strokes at the apparatus terminals, the rod gap 
spacings must be less than those applied for the usual 
conditions. 

It is quite important, therefore, to compare the rela- 
tive dielectric strengths of insulation and coordination 
gaps for waves with fronts down to a small fraction of a 
microsecond. Fig. 2 shows curves based upon impulse 
breakdown tests made on a barrier (described in Table 
III) composed of solid insulations with intervening oil 
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Fig. 3—CHARACTERISTIC VOLT-TIME CURVES FOR TRANSFORMER 
WINDINGS, A Rop Gap AND A SPHERE GaP 


ducts representing major insulation from high-voltage to 
low-voltage windings and ground. Solid insulations 
(pressboard, herkolite, varnished cambric immersed in 
oil, etc.) have practically the same volt-time character- 
istics. The rod gap structure used corresponded to that 
which has been recommended for coordination. 

It will be noted that the insulation curve is practically 
flat down to three microseconds while the gap curve has 
a sloping characteristic to approximately 0.7 usec, and 
for shorter periods rises at a very fast rate. It can be 
seen, therefore, that with rod gap protection, the factor 
of safety rapidly diminishes with the steepness of the 
wave front, particularly for periods at 1 usec and less. 
Whether or not these curves cross on a transformer de- 
pends upon the insulation margin in the apparatus. 
However, it was considered of interest to plot these 
characteristics for a barrier of insulation and gaps. 
Noting the figure, it is seen that for this particular bar- 
rier of insulation the rod gap ceases to give any margin 
of protection at about 0.8 usec where the margin is 10 
per cent at 2 microseconds. The 10 per cent margin is 
the same as the proposed difference between the test gap 
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and coordination gap. On this same curve sphere gap 
characteristics are also shown. In this case the sphere 
is set to give equal protection as the rod gap at 2 usec 
and it will also be noted that the spheres give complete 
protection down to very short periods of time. Eventu- 
ally, for the longer periods of time, the insulation curve 
departs from the sphere gap curve because it must come 
down to the 60-cycle one minute strength which is in the 
order of one-half or less than the 1 or 2 usec gap 
strength,—the sphere gap curve, of course, remaining 
flat down to the 60-cycle time. These curves show that 
for short periods of time, within the direct stroke period, 
a sphere gap forms the ideal coordination gap. 

The one-minute 60-cycle crest breakdown strength of 
the barrier was 42.5 per cent of the impulse strength, 
thus giving an impulse ratio of 2.85. This value checks 
the impulse ratio obtained on sample coil stacks. 

In making the impulse tests a 114/40 positive wave 
was used. Obviously the breakdown points beyond 1.5 
microseconds occurred on the tail of the wave while 
those for periods of time shorter than 1.5 usec occurred 
on the front of the wave (obtained by applying over- 
voltages of varying magnitudes). In the case where the 
0.2 usec time is shown no series resistance was used in 
the generator circuit in order to get as steep a wave 
front as possible. 

Fig. 3 shows a sphere gap and a coordination gap ap- 
plied to transformer insulation. In this particular 
figure the transformer insulation is represented as a 
band rather than a line, since it is intended to cover a 
wide voltage range of different makes and types of 
transformers. 

It is quite evident from the foregoing that if the set- 
ting of a rod gap gives reasonable margin for transformer 
protection for the usual waves coming from the trans- 
mission line, it will not give a reasonable margin for 
direct strokes at or near the terminals. 

The most direct way of showing the relative impulse 
strengths of insulation, a rod and a sphere gap is to 
show the equivalent gap spacings that represent the 
breakdown point of the insulation for various over- 
voltages applied to the insulation. The tests were made 
by applying a given voltage or overvoltage to the gap 
and insulation in parallel and increasing the gap setting 
at 5 minute intervals until the insulation failed. The 
results are given in Table III. 

On the other hand, the rod gap is the ideal coordina- 
tion gap for the longer waves because of its sloping 
curve where it follows fairly closely the volt-time char- 
acteristics of bushings and other types of station insu- 
lators. 

A gap having the short time characteristics of spheres 
and the long time characteristics of rods would be the 
ideal coordination gap where no other direct stroke pro- 
tection is provided. Such a gap is available and consists 
of a sphere gap in parallel with a rod gap. The charac- 
teristics of such a gap have been known and it was rec- 
ommended several years ago.® 
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TABLE III—GAP SPACINGS EQUIVALENT TO THE PUNCTURE 
OF INSULATION BARRIER* 


14/5 Positive wave 1144/40 Positive wave 


Applied Applied 
voltage in Gap spacings voltage in Gap spacings 
% of min. in inches % of min. in inches 
full wave to full wave to 
cause 25 cm cause 25 cm 
breakdown spheres Rod gap breakdown spheres Rod gap 
MOOS craceeterseel eteterd.e08- 3 ar ALAS Era LOW cast cean cise GEBbScre. 20.5 
125 (approx.)....... 5 Dae ass 122 Dies Loo (ADDO) 2...)5 758: 70 
200 (approx.)....... (a Sas 9:55...200 (approx.)....=.8.6: . 14.0 
350) (APDTOX.) oie cno.0 +s oe Seo ADPLOK) aici0lda 4 8.6.2 oLO.5 
SOOTMAPDLOX;) on-set so. os O.Ofs. S007 (approx.)....5.9.. 6x 25t 


Note: Humidity of air during rod gap test 1.25 grains per cu ft. 

*Composed of 1/8 in. oil, 1/16 in. P. B., 1/8 in. oil, 1/16 in. P. B., 1/8 in. 
oil between a 4 in. dia. electrode and a large flat plate. In all cases direct 
puncture of the barrier took place. All values average of at least three 
tests. 

+With zero series resistance in generator circuit. 

tGeneral average of widely varying values. 


What are the requirements that such a gap must 
meet? In the first place, the spheres must be set wide 
enough so that they will not flash over during switching 
surges. A safe minimum level for this would seem to be 
4 times line-to-neutral voltage as shown elsewhere in 
this paper. Unfortunately, the 60-cycle wet flashover of 
spheres horizontally mounted is approximately 50 per 
cent of the dry flashover. Therefore, an uncovered 
sphere gap would have to be set for a dry flashover of 8 
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COORDINATION GAP SPACING IN | 


Also proposed bushing levels expressed in terms of gap spacings that 
give 50-50 flashover when tested in parallel with bushings with positive 
impulse waves. 

A—Proposed coordination gaps 

B—Proposed test gaps 

C—Proposed standard bushings 

D—Proposed special bushings for power transformers 


times line-to-neutral voltage. On this basis the sphere 
gap impulse flashover would be equal approximately to 
the 14/5 full wave fiashover of the proposed standard 
coordination gap. 

On the other hand, if the spheres are kept dry, by 
some sort of a covering, so far as switching surges are 
concerned, a much greater degree of protection to the 
apparatus could be obtained. That is, the sphere gap 
could be set for 4 times normal voltage or 50 per cent of 
that allowable under wet sphere conditions. This low 
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setting, however, would cause an undue number of out- 
ages from lightning waves. Somewhere in this wide band 
is the proper setting to give the maximum benefit com- 
patible with the permissible outages. Just where this 
point is would no doubt have to be determined by ex- 
perience in the field, and may vary depending upon local 
conditions; that is, the frequency of lightning and sta- 
tion design and other protection used. The ideal gap 
then would be composed of a rod gap in parallel with a 
covered sphere gap. 

There are also possibilities of making a coordination 
gap composed of two or more gaps in series arranged 
with shunt capacitance or resistance, etc., so that the 
time-lag curve is improved as compared with that for a 
simple rod gap, and which has approximately the same 
60-cycle wet and dry flashover values. 

Another possible method of obtaining a gap as fast as 
a single sphere gap (but in less space and possibly at a 
reduced cost) would be to use a number of smaller 
spheres in series mounted on or attached to a stack of 
pedestal insulators with the size and spacing properly 
adjusted with the voltage gradient along the insulator 
stack. 

The approximate minimum size of spheres for a single 
gap that would be required for the various circuit 
voltages is given in Table IV. 


TABLE IV 


Diameter of spheres 


Rated circuit 

kv Cm Inches 

cS Ie ES Sore Oe - a a reaper 2.47 

DS). OLS. Brera toinmartee Sears Rie ae kitc sce, sere ene 4.9 

Fe Se ee AO enn ek nt cece eran 5.9 

AGG) cress arene sipeieie Son 20.0 7.85 
8 
eA f 
.0 
.6 
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APPLICATION OF COMBINATION COORDINATION GAP 


The combination gap would be needed only where it 
is not practical nor economical to provide other adequate 
forms of direct stroke protection such as overhead 
ground wires, ete. Very few, if any, modern high voltage 
stations would really need this gap as the simple rod gap 
would fulfili the requirements. The combination gap 
might be used as an added protection to a very impor- 
tant station where other direct stroke protection is 
provided. 


METHODS TO PROVIDE PROTECTION TO APPARATUS AND 
AGAINST OUTAGES 


In addition to the combination gap another theoreti- 
cally possible method of protecting the apparatus 
against strokes would be to provide means for sloping 
the wave front, thus causing the rod gap to flashover at 
a lower voltage. It should be kept in mind that slanting 
the wave front alone (kilovolts remaining the same) does 
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not add any protection to the insulation. In fact, the 
breakdown voltage of insulation increases for very steep 
fronts (see Fig. 2). But the advantage of sloping the 
front comes in due to the fact that the rod gap on ac- 
count of its volt-time characteristic prevents, by flash- 
ing over, the application of excessive voltage to the 
insulation. 

While most schemes suggested for slanting wave 
fronts are impractical, capacitance seems to be the most 
promising means. Such a capacitance might be an in- 
tervening cable or specially designed capacitor. 

The possible combinations for protection to apparatus 
and against outages for both direct strokes and traveling 
waves are summarized in Table V. 


TABLE V—SHOWING VARIOUS SCHEMES OF PROTECTION 
AGAINST TRAVELING WAVES AND DIRECT STROKES 


Kind of protection Type of wave for which protection is afforded 


Rod Sphere Other (a) (b) 
gap gap protection To transformer Against outages 
Wess :.35,0 No...None...... Traveling wave....... None 
BY/C8 Fever. Yes...None...... Traveling wave and 
direct stroke....... None 
WieSiaecas No. ..L-A.!...... Traveling wave......- Traveling wave and 
direct stroket 
Westee eS och LASeeS core Traveling wave and.Traveling wave and 
direct stroke direct stroket 
MES epe aN Om. wOre ca ieets Traveling wave and 
direct stroke........ None 
Yes*....No...L.A.&C..Traveling wave and.Traveling wave and 


direct stroke direct stroket 


*Would not be expected to arc when the arrester is operating properly. 

Provided the voltage allowed by the lightning arrester is kept below the 
fiashover of the coordination gap, 

lLightning arrester. 

2Capacitor (to slant the wave front to allow rod gap to take the 
flashover). 


COORDINATION OF POTENTIAL AND CURRENT 
TRANSFORMERS 


The fact that some instrument transformers and other 
apparatus have voltage ratings (below 18.8 kv) differing 
from those shown in Table I somewhat complicates the 
problem of coordination. For example:—2.5 kv, 5.0 kv 
and 7.5 kv are voltage ratings often used for potential 
transformers. Rather than attempt to standardize co- 
ordination gap spacings for all voltage ratings it is 
recommended in cases where the voltage rating does 
not conform to the standard, that the coordination gaps 
be taken from a curve based on gap spacing vs. circuit 
voltage values given in Table I. 


TRANSFORMER BUSHING LEVELS 


As pointed out before, the impulse flashover of bush- 
ings is subject to some change by slight modification in 
the design without affecting the 60-cycle flashover values. 

Fig. 4 gives the flashover of the proposed standard line 
of bushings and special bushings for power transformers 
in terms of equivalent gap spacings. For comparative 
purposes the coordination and test gap curves are given. 

It will be noted that the gap used for making impulse 
tests (test gap) on transformers is 10 per cent above 
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the coordination gap, and that the proposea standard 
bushing curve is 15 per cent above the coordination gap 
throughout. Also, it will be noted that the proposed 
bushing curve for power transformers is above the 
curve for standard bushings in the lower voltage range, 
being as high as 35 per cent above in the 13.8-kv class. 
The flashover voltage of bushings should be standard- 
ized and the bushings should be adjusted to equal the 
standard. 


USE OF POINT GAP IN COORDINATION WORK 
The ideal method of measuring the impulse flashover 
of gaps, insulators, bushings, etc., would be to use some- 
thing that has exactly the same flashover characteristics; 
1.e., has the same humidity and air density, etc., correc- 
92— 
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Fig. 5—Curves SHowine Gar Spacines THAT Give 50-50 
FLASHOVER WHEN TESTED IN PARALLEL WITH STANDARD 10- 
Incn Suspension InsuLators, Spacep 534 IncHES APART 


tions and maintains the same relationship for various 
waves. If such a device were available and if standard 
impulse curves were established for this device, when 
the flashover is desired for a string of special insulators, 
etc., it would only be necessary to test the insulators in 
parallel with the device and obtain a balanced condi- 
tion; that is, obtain 50-50 flashover. This would elimi- 
nate the necessity of making corrections for the very 
troublesome factors such as humidity, air density and 
would also eliminate any error due to not having the 
impulse wave exactly of the correct shape. After all, 
what the operator is interested in most are the “‘relative 
flashover values” of the different apparatus. This would 
give it in the most direct method. 

If the impulse kv values were desired they could be 
taken from the standard impulse curve for the device. 
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The coordination gap is not quite the ideal device be- 
cause its relative or equivalent spacing changes slightly 
when tested in parallel with suspension and pedestal 
insulators for various lengths of waves. But considered 
from the standpoint of humidity and other corrections 
the gap is nearly ideal because practically the same cor- 


3 4 5 
NUMBER OF UNITS 
_Fie. 6—Curves SHowine Gap Spacines THatT Give 50-50 
FLASHOVER WHEN TESTED IN PARALLEL WITH Locke No. 7785 
PEDESTAL INSULATORS 


rections apply to it as to all other apparatus. The gap 
method offers a satisfactory means of expressing relative 
impulse strengths until the kilovolt values can be agreed 
upon. 

Figs. 5 and 6 give the equivalent gap spacings (7.e., 
the spacings that give 50-50 flashover when tested in 
parallel) for 10 in. suspension insulators and Locke 
No. 7785 pedestal insulators when tested with the 14/5, 
1/10 and 114/40 positive and negative waves. From 
these curves we see that the equivalent gaps for 8 sus- 
pension insulators are 42 in. and 46 in. for the 14/5 and 
114/40 positive waves respectively. The equivalent gaps 
for 4 Locke No. 7785 pedestal insulators are 44.5 in. and 
49 in. for the 14/5 and 114/40 positive waves respec- 
tively. If for practical purposes the average gap spac- 
ings were used, the error would be + 5 per cent depend- 
ing upon the wave being considered. This variation, in 
fact, is no greater and in some cases less than the differ- 
ence in kilovolt obtained now by the different manu- 
facturers’ laboratories. For negative waves for pedestal 
insulators the equivalent gap values shown on the curve 
should be used since these are considerably greater than 
the values for the positive waves. They are the same for 
all three waves. 
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It should be pointed out, however, that equivalent 
gaps for other insulating parts having entirely dif- 
ferent time lag characteristics can not be taken directly 
from standard full wave or minimum flashover curves 
obtained separately. In such a case it is necessary that 
the curves for the longer time lag be replaced by curves 
based upon sufficient overvoltage to make the time lags 
equal. 

The advantages of using a standardized gap for de- 
termining and expressing the impulse flashover of other 
apparatus are as follows: 

1. It enables an operator to obtain comparable data 
from the various manufacturers and thus simplifies the 
problem of coordination until such a time when the 
various laboratories can iron out their differences in 
kilovolt values. 

2. It automatically makes correction for humidity 
and air density; also for slight variations in the wave 
shape and other factors which affect similarly both the 
gap and the apparatus under test. 

The Pittsfield Laboratory has found that this method 
of measuring impulse flashover is very convenient and 
quite practical. 


SPARKOVER DATA 


The effect of humidity upon the lightning sparkover 
voltage of the proposed coordination gap for the 0.5/5, 
the 1.0/10 and 1.5/40 waves of positive polarity is 
shown in Fig. 7. This gap consists of square-ended 
square rods mounted as indicated in Fig. 8. 

Similar data for various length strings of standard 
duty 10 in. by 534 in. cemented, cap and pin type, sus- 
pension insulators are shown in Fig. 9. From these 
figures it may be noted that the lightning sparkover 
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voltage of the coordination gap and suspension insulator 
string increases as the humidity is increased. This is 
similar to the effect of humidity upon the 60-cycle spark- 
over voltage of insulators and gaps as previously noted.® 
The effect varies somewhat with the wave-shape. The 
voltage corrections for the three commonly used light- 
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ning waves and for 60 cycles are approximately as 
follows: 


0.5/5 wave........ 144% per grain per cu ft 
LO LO WAVE: ac anus 14% per grain per cu ft 
1.5/40 wave........ 214% per grain per cu ft 
GU CCYCles hae cet: 3.0 % per grain per cu ft 


humidity correction lines for the insulators may be 
measured, the degree of curvature varying with the 
amount of condensation. The 60 cycle and positive 
polarity lightning sparkover voltage curves for the pro- 
posed coordination gap and the 10 in. by 534 in. sus- 
pension insulator at an absolute humidity of 6.5 grains 
per cubic foot (14.87 grams per cubic meter) are shown, 
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Positive polarity impulse waves 


The corrections appear to continue as nearly straight 
lines up to at least 16 grains per cubic foot and to be very 
nearly the same for both insulators and coordination 
gaps, if precautions are taken to prevent condensation 
on the porcelain surfaces of the insulators at the higher 
humidities. Unless these precautions are taken curved 
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respectively, in Figs. 10 and 11.* This absolute humid- 
ity. corresponds to a vapor pressure of 0.6085 inches 
(15.45 mm) of mercury and a relative humidity of 65 


*Measured points can not be given on these two figures since 
these curves are derived curves plotted from the data given in 
the two preceding figures for which the measured points are 
plotted. 
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per cent at 77 deg F (25 deg C) and a barometric pres- 
sure of 30.0 inches (76.2 cm) of mercury. 

In the A.I.E.E. Standards 41, dated March, 1930, on 
“Insulator Tests” it is stated that “flashover voltage 
shall be determined at or corrected to a standard hu- 
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midity corresponding to a vapor pressure of 0.6085 in. 
(15.45 mm) of mercury. This is equivalent to a relative 
humidity of 65 per cent at 77 deg F (25 deg C) anda 
barometric pressure of 30.0 in. (76.2 cm) of mercury.”’ 
Since it has been shown’ that the flashover voltage 
varies with the absolute humidity rather than with the 
relative humidity, it is felt that reference to the relative 
humidity should be omitted. Also, since grains per cubic 
foot or grams per cubic meter is believed to be a term 
which is in more general use and one which conveys a 
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somewhat greater meaning to the average engineer than 
does the term vapor pressure in inches or millimeters of 
mercury, it is suggested that the Institute Standards be 
changed to express absolute humidity in terms of grains 
per cubic foot (grams per cubic meter). 
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Fig. 12 presents the positive polarity lightning spark- 
over voltage curves for a heavy duty pedestal insulator 
commonly used for high voltage bus insulation in out- 
door stations. The curves are plotted for an absolute 
humidity of 6.5 grains per cubic foot. 

The negative polarity sparkover voltage curves of the 
coordination gap at a humidity of 6.5 grains per cubic 
foot are given in Fig. 18. While the negative data are 
not as extensive as the positive data, the negative short 
wave sparkover voltage of the coordination gap appears 
to be approximately the same as the positive short wave 
sparkover voltage, whereas the negative long wave 
sparkover voltage is appreciably higher than the posi- 
tive long wave sparkover voltage. 

The negative polarity sparkover voltage curves for 
various length strings of 10 in. by 534 in. suspension 
insulators at a humidity of 6.5 grains per cubic foot are 
given in Fig. 14. In contrast with the results obtained on 
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the coordination gap, the negative short wave sparkover 
voltage of the insulator string is higher than the positive 
short wave sparkover voltage, whereas the negative long 


TABLE VI—COORDINATION GAP—1.5/40 WAVE 


Negative polarity Positive polarity 


Setting Dry Wet Dry Wet 
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Disks are standard duty 10 in. by 5% in. cap and pin type units. 

Artificial rain 0.2 in. per min. at 45 deg. Resistance = 15,000 ohms per 
cubic centimeter. 

Temperature of water approximately 60 deg F (15 deg ©). 

Dry sparkover values corrected to unity air density and 6.5 grains per 
cubic foot (14.87 grams per cubic meter) absolute humidity. 
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wave sparkover voltage appears to be approximately the 
same as the positive long wave sparkover voltage. 

The negative polarity lightning sparkover curves for 
station-bus pedestal insulators at 6.5 grains per cubic 
foot are given in Fig. 15. The negative short wave 
sparkover voltage appears to be approximately 20 per 
cent higher than the positive short wave sparkover volt- 
age. The negative long wave sparkover voltage appears 
to be approximately 30 per cent higher than the positive 
long wave sparkover voltage. 

Table VI gives some recent data on the effect of rain 
upon the lightning sparkover voltage of the coordination 
gap and the suspension insulator. The results are in 
agreement with the earlier tests.6 The effect of rain 
varies from zero to 10 per cent with the long wave while 
with the short wave the effect is practically negligible. 


TABLE VII—60-CYCLE DRY FLASHOVER KV EFFECTIVE 


(APPROXIMATE) 
5/8 in. 
5/8 in. square rod round rod 
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That rain should have so little effect upon the light- 
ning sparkover of gaps and insulators is not surprising 
when it is considered that the dielectric strength of 
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water for impulse voltages is from 2 to 14 times the di- 
electric strength of air.’ 

Table VII gives the 60-cycle dry flashover values of 
gaps having electrodes of different shapes. 

The majority of the sparkover data presented in this 
paper was obtained in the High Voltage Engineering 
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Laboratory in Pittsfield, Mass. Certain check tests, 
however, were conducted in the General Engineering 
Laboratory in Schenectady. Although the equipment, 
method of procedure and general technique followed in 
the two laboratories are quite different, the results 
checked within a few per cent. In both laboratories, the 
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voltage is determined directly by means of the sphere- 
gap, as recommended by the A.I.E.E. Standards 41. 

It is also possible to measure the test voltage by means 
of oscillograph deflection if a voltage divider is used 
which reduces the test voltage to that applied to the 
oscillograph without introducing or eliminating super- 
imposed oscillations on the indicated wave. By develop- 
ing an accurate divider, this method of voltage measure- 
ment has also been employed in the Schenectady labora- 
tory and in Pittsfield. Such measurements were depended 
upon however, only after it was determined that the 
voltage indicated by the oscillograph checked with the 
voltage indicated by the sphere gap for both the 0.5/5 
and the 1.5/40 waves. Very accurate adjustment of the 
voltage divider is necessary to obtain this. A companion 
paper entitled Laboratory. Measurement of Impulse 
Voltages by C. M. Foust and J. C. Dowell describes in 
detail the precautions necessary and gives the methods 
and general technique used in the two laboratories, the 
equipment employed to obtain an accurate measure- 
ment of the test voltage wave-shape and oscillograms of 
the waves used in these tests. 
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Impulse Voltage Testing 


BY C. F. HARDING! 


Fellow, A.I.E.E. 


N a recent paper before the Institute,’ the authors 
presented the results of tests of a standard 2,300- 
4,000 to 115/230-volt distribution system upon 

which both induced and direct-stroke surge potentials 
were impressed as the result of the sudden charging of a 
thoroughly insulated cloud supported over the line. 
These tests were carried out as the result of the co- 
operation of the Utilities Research Commission of 
Chicago. 

The four conclusions reported in the previous paper 
which are of particular interest and therefore worthy of 
the further study described in this paper are as follows: 

In existing transformer design the insulation of the 
secondary winding may be overstressed by steep wave 
front surges without excessive stress on the primary 
insulation; such stresses may be relieved by improve- 
ments in secondary insulation. 

Interconnecting the primary lightning arrester ground 
to the grounded neutral of the secondary main greatly 
reduces the voltages at the transformer and imposes no 
extra hazard upon the consumer’s wiring. 

Using “direct strokes” from the surge generator, the 
interconnection is of great benefit with high arrester 
ground resistances. With any combination of secondary 
neutral and arrester ground resistances, the intercon- 
nection limits the transformer stress to the value de- 
termined by the arrester voltage, and should reduce 
materially the lightning failures on non-surge-proof 
types of transformers. 

With usual city conditions, consisting of a multiplicity 
of low resistance grounds on the secondary neutral, and 
the further possibility in some instances of a lightning 
arrester ground of high resistance, it has been demon- 
strated herein that potentials at the transformer may 
be reduced greatly by the interconnection of the primary 
lightning arrester ground and the grounded neutral of 
the secondary main. 

During the course of these tests, the insulation of 
several of the non-surge-proof transformers was punc- 
tured while operating temporarily without the inter- 
connection but with lightning protection having a high 
resistance ground. There is no doubt but that these 
break-downs of insulation would have been avoided had 
the conditions of this experimental investigation per- 
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mitted operation with the interconnection at all times. 
Thus it is believed that a further protective method has 
been demonstrated for the thousands of the older types 
of distribution transformers now in service which, of 
course, must be retained in use for many years. 

It was soon evident, however, that certain changes in 
the design and construction of these transformers would 
cause them to be practically surge proof. Transformers 
of various manufacturers’ designs were tested subse- 
quently, in the high potential surge laboratory. They 
withstood all of the exposures when provided with 
lightning arresters or equivalent internal protection. 
However, in the event of transformer installation with- 
out such lightning arrester protection or, in case of the 
failure of such protective devices to operate, the surge 
flashover of bushings and the insulation puncture values 
of the different types of transformers differ widely and 
provide undetermined factors of safety. Herein lies the 


Fig. 1—Crircurr DiacGram For SurGE Tests With EXTERNAL 
ARRESTERS 


XXX = phase arrester 
X = neutral arrester 
Surge applied at Hi 


line of demarcation, at the present time, between the 
various types of distribution transformers of the so- 
called surge-proof design and construction. Shall the 
prospective purchaser be content to depend upon either 
external or internal protective devices or shall he insist 
upon certain specified factors of safety for the bushing 
flashover and the insulation puncture values above the 
protective gap flashover value? 


SURGE TESTS ON DISTRIBUTION TRANSFORMERS 


The first tests consisted of impressing surges upon 
each transformer between primary phase lead H,; and 
secondary neutral X., X3, as indicated in Figs. 1 and 2. 
In these tests the case was ungrounded and the primary 
phase and neutral arresters were connected between 
the respective primary terminals and the grounded 
secondary neutral. It will be seen that this connection 
is equivalent to employing, in service, the interconnec- 
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tion of the secondary neutral and the primary light- 
ning arrester ground. 

As shown in the Recilogrant of Fig. 3 the applied 
test wave had a peak value of 182 kv with the voltage 
increasing at an average rate of 50 kv per microsecond 
on the major part of the wave front. This wave was 
adopted by the committee of the Utilities Research 
Commission in charge of the project as being more 
representative of the wave which was more liable to 
reach the average distribution transformer than the 
steeper waves. 
be tested with arrester protection, this wave more 
nearly approximates the specifications for lightning 
arrester testing. 

With arrester protection as described above the 
following readings of Table I and oscillograms Figs. 4 
to 6 were taken of the voltages on the transformer. 


Primary Phase to Secondary Neutral, Fig. 4 
Primary Phase to Case 

Primary Neutral to Secondary Neutral, Fig. 5 
Primary Neutral to Case 

Secondary Neutral to Case, Fig. 6 

Case to Secondary X1 

Case to Secondary X2 


~< X¢ 
M, | : 
#, 
=< 
[poe 
a 
Fig. 2—Crircuir DiacramM ror SurGcEe Tests WitTH INTERNAL 


PROTECTION 


a Case to ground-lead gap 
b Case to secondary neutral gap 
Surge applied at Hi 
Note: Arresters connected to secondary neutral when gaps a and b are 
not supplied 


The oscillogram of Fig. 5 indicates the potential 
between the primary neutral and the secondary neutral 
of transformers Nos. 1 and 4 with the primary neutral 
arrester connected but evidently not operating. An- 
other exactly similar oscillogram, but without the 
neutral arrester connection, indicated by its similarity 
to Fig. 5 that the neutral arrester had not operated 
in the former test. Fig. 6 illustrates how the potential 
of the ungrounded transformer case floats close to the 
potential of the secondary neutral. For one of the trans- 
formers with internal protection, with the primary 
arrester discharging into the case, Fig. 7 shows that 
the potential of the case floats close to the secondary 
neutral until the primary arrester breaks down, at 
which time the potential between the case and the 
secondary neutral rises to the break-down value of the 
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coordinating gap between case and ground. Fig. 8 
shows the arrester current for the external arrester 
used in these tests. A maximum of 1,670 amperes was 
obtained in approximately 8 microseconds. Essentially 
the same current was obtained with the internal gaps. 

From the data of Table I, it will be noted that the 
external lightning arrester connected between the 
primary phase and the secondary neutral limits the 
voltage across the transformer to about 19 kv. In the 
case of the transformer No. 6 with inclosed arresters 
the maximum voltage was 53.8 kv. While this illus- 
trates the beneficial effect of the interconnection, it is 
obvious that the transformer insulation was not sub- 
jected to a very severe test. 

The voltages measured between the primary phase 
lead and the case, and between the case and the sec- 
ondary neutral indicate that the ungrounded case 
assumes a potential close to that of the secondary 
winding. With transformer No. 6, however, the in- 
closed arresters discharge into the case and raise the 
potential between the case and the secondary to that 
determined by the breakdown of the case-to-ground, 
or the case-to-secondary-neutral gap, depending upon 
which gap was allowed to spark over in the tests. The 
surge breakdown of the case-to-ground gap was found 
to be 22.8 kv, that of the case-to-neutral gap was found 
to be 81.4 kv. For the transformer No. 6 the reading 
from the primary phase to the case gives the maximum 
arrester potential, in this instance 35.6 kv. 


TABLE I—SURGE TESTS ON DISTRIBUTION TRANSFORMERS 
WITH ARRESTER PROTECTION 


Peak Voltage of Applied Wave 182 Kv 
Wave Front Steepness 50 Kv/yus 
External Arresters Used: 3-5 Kv on Primary Phase Leads and 
300-Volts Neutral Arrester in Primary Neutral 


Transformer voltage kv 


Prim. Prim. Prim. Prim. Case Case Case 
Trans- HA, to Ay Hy» to A to to to 
former sec. to sec. to sec. sec. sec. 
No. Arresters neut. case neut case neut XY Xo 
Leni. External2 21619. ,16:45 0). 415 2:9 Wee. et. Oe One 
4.71 
2s os aakxtermal:. ..218:3)) 96599... 759%. 569 bos ee eee, 
22.21 
3.) osdixtermal’..... 20:0). 09:50... SL itor fig ek rere ete meee 
23.21 
4.2 ..bxtemal..« 318/05. 1610.5 4.6) eel Beno CHE cen eo) 
5.23 
5....External....19.0..16.4 S90. ceed DA eee a 
9.1, 
6....Internal... *53.8. .35.6 W533. ...9:5 22:8). 4. s22A an LO 
753.2 31.4 
7 Internal..... 15.9..13.0 . 6.7 5.25, Qilons cr BiG ee amas 
8 INONGE routs, 20.0 
{87.6 
9 INONES. 3.0% 19.4 
§84.0 


1. These readings taken with primary neutral arrester disconnected. 
2. Heavy discharge on measuring gap indicating breakdown from case 
to secondary after measuring gap sparked over. 
*Using both case to ground and case to neutral gaps. 
+Using case to neutral gap only. 
tPath of flashover, inside case, phase lead to case 1-3/16 in., case to 
sec, lead 1-1/8 in, 
§Path of flashover, primary phase lead to case, outside over an ag 
1 in., core bolt to secondary jumper, inside % in. 
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Voltages between the primary neutral and the secon- 
dary neutral were in some cases not sufficient to operate 
the 300-volt primary neutral arrester. Transformers 
Nos. 2 and 3 showed, with the primary neutral arrester 


SLOPE OF 50 KV. 
le" PER MICROSECOND. 


GENERATOR WAVE. 


"Oh 3 4 5 @ 7 10 Wb 2 134 1 
MICROSECONDS. 


Fig. 3—GENERATOR WAVE 


removed, a voltage between the primary neutral and 
the secondary neutral somewhat higher than that be- 
tween the primary phase and the secondary neutral. 
This seems to indicate that the primary windings of 
these transformers had broken down between turns or 
layers. The reconnection of the neutral arrester re- 
duced the voltage on the primary neutral to about 8 kv 
indicating that this value was the surge breakdown of 
these arresters. The oscillograms of Fig. 9A and B 
illustrate the potentials between the primary neutral 
and the secondary neutral with and without the use of a 
primary neutral arrester connected as in Fig. 1. It 
may be noted here that transformers Nos. 2 and 3 were 
the same ones which indicated breakdown under direct 
stroke tests on the experimental distribution line. It 
was also noted in the laboratory surge tests on these 
two transformers, that when measuring the voltage be- 
tween the primary phase and the case, a heavy discharge 
was obtained across the measuring gap, indicating the 
probable breakdown between the case and the grounded 
secondary. 

It was not considered feasible to energize the trans- 
formers when tested on the line. However, in tests 
where the insulation between turns or layers may be 
punctured, the transformer may be energized as a 
means of detecting this type of breakdown which might 
not be apparent otherwise. 

Two of the older transformers, Nos. 8 and 9, not of the 
surge proof type, were tested, and showed no evidence 
of damage with arrester protection. The arresters were 
removed and the voltage increased until bushing flash- 
over occurred at approximately 85 kv as noted in the 
table. 

In addition to the surge tests of the transformers with 
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protection, four transformers were tested without pro- 
tection up to the point of insulation failure. As before 
the surge was applied between the primary phase lead 
and the secondary neutral lead. For these tests with- 
out protection a 14-10 wave was used. The peak volt- 
age of the wave was increased gradually until failure of 
the transformer insulation occurred. With this type of 
test the breakdown would naturally occur on the tail 
of the wave. Table II presents the data obtained on 


these transformers. 
TABLE II 
Transformer Surge ky* Remarks 
p Mencier eo PAS Flashed over from the primary lead to the case 
and to the secondary lead over the surface 
of the oil 
Ais earerotsve ayo 62s aicane Insulation punctured 
Bistisccniee 146 croc Flashed over from the primary lead to the case 
and to the secondary lead over the surface of 
the oil . 
BB Reise atone 162... .. Insulation punctured 
Gar eerie 1462 45% Insulation punctured 
Desteiors sient LOS re Insulation punctured 


*Peak value of 44-10 wave. 


Table II indicates for these transformers a range of 
insulation breakdown values from 100 to 160 kv. In 
all cases the breakdown occurred in the insulation be- 
tween primary and secondary winding and did not in- 
volve the core or case. 

After the tests on the transformers with and without 
arrester protection had been completed, the leads were 


PRIM. PHASE TO 
SECONDARY NEUT 


RANS. NOS. )& 


MICROSECONDS. 


Fig. 4—SurcGe Porentiats ON TRANSFORMERS WITH EXTERNAL 
ARRESTER PROTECTION 


disconnected from the windings and the following bush- 
ing flashover tests were performed: 


Wet and dry flashover outside 
Dry flashover inside 


Each of the above flashover tests was made with 60- 
cycle voltage, with a 50 kv per usec front surge, and 
with a 150 kv per usec front surge. 

Some of the transformers had their primary leads 
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taped with several layers of varnished cambric. With 
this lead insulation the primary bushings withstood 
surges of 100-kv peak value. Since this value seemed 
to be of the order that might be expected of the winding 
insulation, the tests were not carried to the point of 
puncturing the lead insulation or flashing the primary 
bushings. Instead, a piece of No. 22 copper wire was 
coiled around the lead insulation as close as possible 
to the bushing and connected to the lead. This approxi- 
mated the condition of completely deteriorated insula- 
tion on the leads of the transformers of this type. The 
values given in the following table apply to this con- 
dition. 

With the transformers Nos. 1 and 4 the outside of the 
bushings was taped and painted in accordance with the 
standard specification of the Commonwealth Edison 
Company. For transformer No. 1 the bare metal was 
exposed inside the tank and there was no problem of 
lead insulation, while for transformer No. 4, extra leads 
were used in place of those furnished with the trans- 
former, in order to avoid cutting the existing leads. 

All flashover tests were conducted in accordance with 
the A.I.E.E. standard specifications for this type of 
testing. 

The following Table III presents the flashover values 
of the transformer bushings. 


TABLE III—60-CYCLE AND SURGE FLASHOVER OF 
TRANSFORMER BUSHINGS 


60-Cycle and Surge Flashover of Transformer Bushings 


Barometer 747-756 Mm 
Temperature 24-26° C 
Humidity 40-70 % 


Precipitation (For Wet Flashover Tests) 0.192-0.205 In./Min 
Water Resistivity (For Wet Flashover Tests) 6,550 Ohms/Cu In. 


Prim. phase or 


neutral bushing Secondary bushing 


Trans- Outside Inside Outside Inside 
former Type of 

No. voltage Dry Wet Dry Dry Wet Dry 
ir OOCy Clo) (ell:)/ a. 049.057, .2 33.0. 5732.6. 2948.3). 5... 31.3). 82:6 
50 kv/us 106:022 = .133:05. G10... 101-025 101-0. 7 166.5. 
150 kv/us . 109.0....107.0.. 82.0..109.0....102.0.. 84.5 
Pen OO CyYClon(Gls) 17 sOd.054 0) 200,25 4016.4 53.31... 291845 43 
50 kv/pus - 96.0....109.0..109.0.. 99.0....100.0. . 100.0 
150 kv/us -- 107.0. ...100.0. . 109.0. . 111-0... .101:0. . 109.0 
Spee oO cycle. (ef) <2 SSi3e oo0 Lelie 260s 2E.20... 14:6... 16:9 
50 kv/pus 96.0a56) £810. 04.53... 50:0s5.. 5002-43155 
150 kv/us —.100.0.75. 985.353 60.300 52:0 24. 502.05. 38.2 
Guan GO cycle (eff.).. 36.92... 26.8. . 22.3... 35.0... 20;2.,.. 1452 
50 kv/us O60 Fees OlE2 OSD, O:Deeee tan oa O 
150 kv/us palO2 062 102: 0b. e 01.0 4 SOLD OO on arate 


The data of Table III reveal, in general, that trans- 
formers Nos. 1 and 4 have somewhat higher bushing 
flashover values, especially inside the tank, than do 
Nos. 5 and 6. Transformer No. 4 shows higher flash- 
over values inside the tank than does transformer 
No. 1. Of course, in making comparisons from the 
figures of the table it must be remembered that the 
flashover values of transformers Nos. 5 and 6 apply to 
the condition of completely deteriorated lead insulation. 
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A considerable variation is noted in the flashover 
values, outside the tank, of transformers Nos. 1 and 4. 
It seems evident that these are due to variations in the 
taping and painting of the bushings. Reasonable care 
was used in this operation but evidently uniform re- 
sults were not obtained. It was interesting to note, 
during the tests, that in practically all cases the 60- 
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Fig. 5—Surce Porentiats oN TRANSFORMERS WITH EXTERNAL 
ARRESTER PROTECTION 


cycle flashover punctured the tape, while the surge 
flashover went underneath the tape. 

With the 60-cycle bushing flashover inside the tank 
of transformer No. 4, the values in the table are the 
values of the first flashover. A large amount of carboni- 
zation occurred and unless the leads were removed 
and the bushings cleaned, the 60-cycle flashover value 
was observed to drop to 65 or 75 per cent of its initial 
value. This trouble was not noticeable to any extent 
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Fig. 6—Suree Potentials ON TRANSFORMERS WITH EXTERNAL 
ARRESTER PROTECTION 


on the surge flashover tests. It was observed that the 
inside bushing flashover of the transformer No. 4 did 
not puncture the lead insulation but followed the surface 
of the porcelain into the metal of the lead. 

The data of the table also indicate that the surge 
flashover under rain conditions is not materially differ- 
ent from that under dry conditions. In this respect it 
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may be noted here that one of the transformers, in 
contrast to the others, was designed so that very little 
of the drip from the tank fell upon the bushings. 

As mentioned previously, the coil insulation of some 
of the transformers did not receive a severe test. It 


Fig. 7—OscittoGRaM SHOWING THE PoTENTIAL BETWEEN 
THE CASE AND THE SECONDARY FOR THE TRANSFORMER WITH 
INTERNAL ARRESTERS DISCHARGING INTO THE CASE 


seemed desirable to determine the effects of a more 
severe surge upon the windings of the transformers. 
Accordingly the insulation between the primary and 
the case on some of the transformers was tested up to 
the point of primary bushing flashover inside the case 
as listed in the table. No evidence of insulation damage 
was noted in these tests. 

Some tests were also made to determine the recovery 
value, if any, of punctured insulation as the result of 
the oil filling up the puncture. The two transformers, 
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which in the previous tests had indicated breakdown 
between the secondary winding and the case, were sub- 
jected to surges up to the point of breakdown between 
the secondary and the case. The following values were 
obtained in this test. 
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Breakdown test 


Transformer secondary to case Oil test 
ING) P9-ee Sceee eee SOK Vee epee okey 
ING Bia b See a eee TT KV pees eee 25.5 kv 


These values would seem to indicate that a trans- 
former in service might have its insulation punctured 
by a surge and still have sufficient insulation for normal 
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Figs. 9A AND 9B—OSCILLOGRAMS OF PoTENTIALS BETWEEN 
Primary Nerurrat Hz anpD SECONDARY NmruTRAL X1X3 ON 
TRANSFORMER WITH PREVIOUSLY BROKEN Down INSULATION 


Oscillogram A with 300-volt neutral arrester 
Oscillogram B with no neutral arrester 


line potential. If the transformer fuse is blown, there 
is necessarily some interval before it is replaced. This 
allows time for the oil to fill the puncture so that when 
the fuse is replaced the transformer continues to operate 
as before. Such has been the experience of many 
companies. 


CONCLUSIONS 
1. With usual city conditions, consisting of a multi- 
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plicity of low resistance grounds on the secondary 
neutral, and the further possibility in some instances 
of a lightning arrester ground of high resistance, it has 
been demonstrated that the interconnection definitely 
limits transformer stresses to values which should 
reduce lightning failures to a practically negligible 
quantity, even with the older non-surge-proof types 
of transformers. 

2. There should be a reasonable ratio between coil 
insulation puncture value, bushing flashover value on 
the inside of the tank and bushing flashover value out- 
side of the tank. 

3. Surge-proof transformers should have a reasonable 
factor of safety between insulation puncture strength 
2nd minimum bushing flashover values which should 
occur outside the tank to assure, in case of failure of 
protective equipment, that the transformer insulation 
will not be damaged. 

4. Conclusion 3 represents the more or less ideal 
case. If extensive use of the interconnection results in 
reducing flashovers and punctures to a negligible 
number with non-surge-proof transformers, the added 
cost of the surge-proof type may be warranted only 
for special installations. 

5. In general, reflections are produced across the 
series resistance of the surge generator discharge circuit 
depending upon the magnitude of the series resistance 
and the constants of and lengths of wire in the circuit. 
The magnitude of these reflections may be reduced by 
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the capacitance of potentiometers, sphere gaps or the 
load itself. 

6. The use of ultra-violet illumination of sphere gaps 
is conducive to greater accuracy and consistency of 
potential measurement, especially with potentials hav- 
ing steep-wave fronts and with the use of smaller spheres 
and gap spacings. 

7. In making surge tests on transformers, the natural 
exposures will be most closely duplicated if surges are 
impressed between primary phase lead and grounded 
secondary neutral. 

8. It seems likely that the insulation of transformer 
coils may be punctured by an impulse voltage and at a 
later time withstand line voltage. 
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Protection of Rotating A-C Machines Against 
Traveling Wave Voltages Due to Lightning 
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Synopsis—The problem of providing protection for rotating 
a-c machines against lightning overvoltages has two parts: 

1, The protection of insulation to ground, which is mainly a 
question of the magnitude of the overvoltage, and 

2. The protection of turn insulation, which is primarily a matter 
of wave front. 

To meet the first requirement, the overvoltage to ground must be 
limited to a safe value, This is assumed to be approximately equal 
to the:crest value of the 60-cycle high potential test. To fulfill the 
second requirement, the turn voltage gradient must be limited to 
conform to the turn insulation. 

To secure these results, a protective scheme is proposed, which 
includes arresters 2,000 feet and 500 feet out on the line, or other 
means, to limit the incoming voltage to 2.5 times the crest value of 
the. terminal arrester rating, a special arrester at the machine 


INTRODUCTION 


HE behavior of traveling wave voltages in rotating 
a-c machines was discussed in two papers in 
1930.1: The principles of protection by means of 
arresters, capacitance and inductance were briefly 
outlined. In the ensuing two and a half years many of 
these principles have been studied further and some 
have been tried out in practise. It is the purpose of 
the present paper to present the results of certain of 
these studies and experiences and to offer a practical 
method for providing protection for rotating a-c 
machines against traveling wave voltages due to 
lightning. 

The coordination schemes discussed in various papers 
at this convention are not generally applicable to 
rotating a-c machines, since the usual insulation used 
for this type of machine is of an entirely different order 
from the insulation of non-rotating apparatus, such as 
transformers, oil circuit breakers, bus bars, ete. A 
special treatment of the problem is necessary, therefore, 
to obtain a proper protective scheme. 


INSULATION CHARACTERISTICS OF ARMATURE WINDINGS 


Rotating a-c machine insulation strength is influenced 
by the limitations of the dry type of insulation used, 
by space limitations, and by the types of insulation re- 
quired to meet temperature and mechanical conditions. 

These and other inherent characteristics of rotating 
machines make it difficult to incorporate high impulse 
strength in armature windings. Where transformers 
and similar apparatus are considered to have an im- 
pulse ratio in the general order of two or more, it ap- 
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terminal to limit the voltage to the crest value of the machine high 
potential test, and a capacitor at the machine terminal to slope the 
wave front, thus limiting the turn-to-turn stresses. The capacitor 
also serves to limit internal overvoltages due to reflection at the 
neutral. For neutral grounded solidly or through resistance equal 
to or less than the combined surge impedance of the machine wind- 
ings. 0.1 pf capacitance is sufficient; while for isolated neutral, 
capacitance up to 0.5 uf may be necessary. Ground wires over the 
line for the.initial 2,000 feet are recommended to protect against 
direct strokes. 

For cases where the machine feeds the outgoing line through 
transformers, a special arrester is recommended at the machine 
terminals, to be connected in multiple with a capacitor, which in 


most cases may be 0.1 pf. 
* * * 


pears that in view of the aforementioned factors, 
rotating machines should be considered to have an 
impulse ratio only slightly greater than unity. Thus, 
for the purpose of selecting protective equipment, 
safe practise will be adhered to by considering the 
crest value of the machine’s one-minute high potential 
test voltage as the maximum value of impulse voltage 
which should be allowed on the coil or major insulation.{ 

Turn Insulation Impulse Strength. The develop- 
ment of turn insulation of machines has been based on 
the normal voltage between turns and on operating 
experience. Under normal conditions, the turn insula- 
tion is subjected to relatively low voltages, ranging 
from 1 to 400 volts, but when a steep wave enters the 
winding, 100 to 1,000 times normal voltage may be 
impressed across the turns. Since it is not economical 
to insulate armature coil turns to withstand such steep 
wave voltages, and because it is feasible to protect the 
insulation normally in use, it appears rational to adhere 
to present insulation standards and to apply protective 
measures. 

Traveling Waves in Machine Windings. It has been 
shown previously (reference 2) that an armature wind- 
ing behaves similarly to an equivalent transmission 
line having a high surge impedance and a low propa- 
gation velocity. Fig. 1, based on tests on some 
medium and large machines, shows how the surge 
impedance and propagation velocity vary with rated 
terminal voltage. In the case of delta-connected or 
Y-ungrounded neutral machines, it is important to 


tArmature windings have a one-minute test voltage whose 
crest value is equal to +/2 (2e + 1,000) where e is the rated 
terminal-to-terminal rms voltage. The maximum allowable 
impulse voltage therefore is equal approximately to 3e for 
machines whose ratings are above 4,000 volts. If # is taken as 
the crest value of the machine’s terminal-to-terminal rating, 
the maximum allowable impulse voltage for the machine will 
be approximately 2.12H. 
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know the time required for waves to travel from the 
line terminal to the neutral or midpoint of the winding, 
depending on whether the machine is connected Y 
or delta. This time may be expressed in micro-seconds 
and is referred to as microseconds length. Fig. 2, 
shows how the machine length varies with rating. 


FUNDAMENTALS OF PROTECTION 


The problem of protecting rotating a-c machines 
may be divided into two major parts: 

(A) The protection of turn insulation. 

(B) The protection of major or coil insulation. 


(A) Protection of Turn Insulation. 


When a voltage wave enters an armature winding, it 
requires a small but definite time to travel around a 
coil. The voltage, Fig. 3, which occurs between adja- 
cent turns depends upon the steepness of the entering 
wave and the length of the coil. This voltage appears 
nottonly across the turn insulation, but across the tier 
insulation as well if the coil is wound in tiers. Strand 
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insulation and one-turn coils are not affected by this 
voltage. The maximum rate of voltage change (wave 
front) which a coil will withstand, depends upon the 
turn insulation and the turn length. 

It is obvious that by placing lumped ‘capacitance 
to ground at the machine terminal, the capacitance 
will be charged through the surge impedance of the 
line by all waves arriving over the line (Fig. 3). The 
charging rate will depend upon the crest value of the 
incoming wave, the surge impedances of the line and 
machine, also the value of capacitance in microfarads. 
Knowing the characteristics of the machine and line, 
it becomes a relatively easy matter to determine the 
maximum rate of change (wave front) which can occur 
in the winding. Examination of a large number of 
machines indicates that in general 0.1 uf (as a mini- 
mum) placed at the machine and with a limit placed 
on the applied wave, as will be given later, is sufficient 
to prevent excessive turn stresses. This criterion does 
not necessarily establish the total amount of capacitance 
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which should be used at the machine, as it will be seen 
later that for other reasons a larger capacitance may be 
required. 

This paper deals primarily with traveling wave 
voltages due to lightning. In some cases switching 
near the machine terminals may appreciably stress 
the turn insulation. This fact should be taken into 
consideration in applying the protection recommended. 
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(B) The Protection of Major or Coil Insulation.» °*°* 

In general, the installations of machines in need of 
protection may be classified into two groups: first, 
machines directly connected’ to outgoing exposed 
feeders, and second, machines connected to exposed 
lines through transformers. 

1. Machines Directly Connected to Exposed Lines. 
If a steep front long-tailed wave-is allowed to enter 
the winding from directly connected exposed outgoing 
lines, the voltage-to-ground throughout the winding 
will depend on the machine connections. Fig. 4, shows 
voltages measured to ground on a 6,600-volt Y-con- 


Maximum allowabdie rate 
of voltage change 


Strand 


ee Cou 
insulation insulation 
. Strand 

insulation 


Cot! 
insulation 


be Le | ee te] te ee 
L = developed coil 


y, 
One turn coils Multi-turn coils 
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nected machine when a 14-150 microsecond wave was 
applied to the machine over a line of 300 ohms surge 
impedance. It is to be noted that voltage to ground 
was measured for three conditions, namely; neutral 
grounded through a resistance equal to surge impedance 
of winding, neutral solidly grounded and _ neutral 
isolated. For the purpose of this study, the first two 
conditions may be grouped together. It follows, there- 
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fore, that machines may be classified into two groups: 
(a) machines operating with their neutrals grounded 
(where the resistance at the neutral is equal to or less 
than the combined surge impedance of all windings), 
and (b) machines operating with their neutrals un- 
grounded (R greater than Z), and delta-connected 
machines. 

(a) Grounded Neutral Machines. The one-line dia- 
gram given in Fig. 54 shows the plan of protection 
proposed for grounded neutral machines. The selection 
of the capacitor and the arrester located at the terminal 
are made on the premise that the waves which arrive 
over the 2,000-ft section of the line adjacent to the 
machine are limited in some manner to approximately 
2.5 Ea (in which Ea is the crest value of the maximum 
name-plate voltage rating of the terminal arrester). 
In Fig. 5A this limitation of voltage is indicated by line 
type arresters placed 2,000 ft and 500 ft from the gen- 
erator. The selection of 2,000 ft was arrived at by 
theory and tests. This distance allows approximately 
4 microseconds for the line arrester to operate before 
reflections from the capacitor reduce the incoming 
wave at the line arrester. This distance also makes it 
possible to utilize the surge impedance of the line 
between the line arrester and capacitor to obtain a 
charging rate for the capacitor. 
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The value of placing a limitation on the crest of the 
applied wave can be seen by examining the formula 
for capacitor voltage, where the capacitor C is charged 
by a wave E;, over a line of surge impedance 2. 

e, = 2; (1— ¢~/”°) 

The higher the crest of the applied wave, the higher 
the voltage to which the capacitor will charge. It 
should also be noted that the higher the crest of the 
applied wave, the greater will be the rate of charge 
(steepness of wave front) on the capacitor. It follows, 
therefore, that placing a limitation on the applied wave 
is a matter of economics. Since the cost of capacitance 
increases approximately as the square of the voltage 
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rating, it is apparent that for the higher voltages it is 
desirable to keep the required capacitance small. 
Hence, for the higher voltage grounded neutral 
machines, it will be more economical to use small 
capacitance of the order of 0.1 yf (to prevent turn 
stress), in parallel with an arrester, which will limit 
the crest value of the entering wave below 2.12H, than 
to use large capacitance without the arrester in parallel. 
This type of protection can be used because no positive 
voltage reflections occur at the neutral when the neutral 
resistance is equal to or less than the combined surge 
impedance of the windings. For low-voltage machines, 
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where the capacitor costs are not so high, the use of a 
large capacitor dispenses with the need of an arrester 
in parallel. 

(b) Non-Grounded Neutral or Delta-Connected Ma- 
chines. The problem of protecting ungrounded neutral 
(Fig. 5B), or delta-connected machines, is much more 
dificult than that of protecting machines whose 
neutrals are grounded. This is obvious when we con- 
sider that a machine winding may have a length of 
50 microseconds and the reflection point for the waves 
may be 50 microseconds removed from the point of 
voltage limitation. It is also apparent that where the 
waves which enter the winding may reflect approxi- 
mately to double value at the neutral, the entering 
voltage must be held at the line terminal to one-half 
the allowable machine impulse voltage (2.12H). The 
difficulty of this problem can further be appreciated 
when we consider the fact that the crest value of the 
operating voltage is H, and that in order to prevent 
positive reflections from exceeding the allowable im- 
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pulse voltage, any device which is placed at the termi- 
nals to limit the incoming wave must hold the voltage 
to 1.062. 

Since our present day arresters cannot operate be- 
tween such narrow voltage limits, some other means 
of obtaining lower impulse voltages must be used. 
It is apparent that by placing a limit on the impulse 
voltage which could reach the machine from the line, 
and by placing a sufficiently large lumped capacitance 
at the machine terminals to ground, the capacitance 
will act to reduce the impulse voltage. 

For the purpose of calculating the value of this 
capacitance, it has been assumed that the average in- 
stallation will consist of a double-circuit three-phase 
line, whose combined surge impedance is not less than 
250 ohms per phase. It is further assumed that the 
voltage which is allowed to pass the line arresters over 
the 2,000-ft section adjacent to the machine is a 0/40 
microsecond wave, whose crest value is 2.5Ha and that 
Waves arrive simultaneously over each of the six 
conductors. 

The 0/40 microsecond wave was selected as fairly 
representative of the most severe waves met in practise. 
The sheer front was chosen to simplify the calculations 
by eliminating one term from the equations. 

Fig. 6 is a plot of the voltages which occur at the 
machine terminal and also at the isolated neutral for 
various values of capacitance at the machine terminals. 
These curves indicate that for the assumed set of condi- 
tions 0.5 uf will, in general, offer sufficient reduction 
in the voltage at the terminal to prevent overstressing 
the machine insulation throughout the winding. These 
assumed conditions apply to a single-circuit winding. 
If the machine has a multiple circuit winding or there 
are multiple machines, the voltage will be lower than 
indicated by the curves. 

The exact determination of the capacitance required 
is more important from an economic standpoint in the 
case of machines which are in the 12- and 15-kv ratings, 
or higher, as these are the ratings at which capacitor 
costs are relatively high. It is obvious that the larger 
the capacitance in microfarads, the greater will be the 
margin of protection to the machine, and where a large 
capacitance can be obtained without substantial in- 
crease in cost, it is advisable to use larger capacitance. 

It should be noted in this set of curves that the 
machine length is given in microseconds time required 
for voltage to traverse the windings, and that the 
curves are plotted for machines whose lengths L vary 
from 10 to 40 microseconds. For a given value of 
capacitance at the machine terminals, the resulting 
voltage at the neutral depends on the length of the 
winding up to a length where 100 per cent reflection 
of the entering wave occurs. Lengths greater than this 
would not increase the value of reflected voltage. 


OVERHEAD GROUND WIRES 
It has been pointed out that the selection of the 
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protective equipment located at the terminals of the 
machine is based on the assumption that the incoming 
surges are limited to 2.5Ha for a distance of at least 
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2,000 ft from the machine. In regions where direct 
strokes are frequent, overhead ground wires should 
be located over the 2,000-ft section of line. The effects 


438 


of arrester ground resistance can be largely overcome 
by! ‘connecting the arrester grounds, the capacitor 
grounds and the machine frames together with the 
overhead ground wires, and bonding all grounds to the 
common station ground system. Where a station ar- 
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rester is used at the machine terminal for the protection 
of a grounded neutral machine, and the 2,000-ft section 
is protected by overhead ground wires, as suggested, 
it should not be necessary to install the line arrester at 
500 ft from the generator (Fig. 5A). 
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INDUCTANCE AT MACHINE TERMINALS 


It would be possible to remove the necessity for 
limiting the line voltage at approximately 2,000 ft out 
on the exposed lines, by inserting an inductance in 
series with the machine and placing a capacitor to 
ground between the machine and the inductance. It 
is necessary, however, to place an arrester on each 
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side of the inductance to prevent the voltage resulting 
from oscillations between the lumped capacitance and 
the inductance from exceeding 2.12H. This plan has 
not proved practica] up to the present time, and it 
seems that the alternative plan proposed has certain 


_advantages which are applicable to the problem of 


protecting machines in general. 


PROTECTION OF MACHINES CONNECTED TO LINES 
THROUGH TRANSFORMERS 


Messrs. Palueff and Hagenguth have shown the 
mechanism by which surges are transmitted through 
transformer windings.? Examination of their solution 
discloses that for YY-connected transformers with 
both neutrals grounded, the electromagnetic component 
of surge voltage which may be transmitted through 
to the machine windings should be dealt with by re- 
ducing the (upper) circuit shown in Fig. 7 to that shown 
below where L in henrys is obtained from the trans- 


Fig. 7—Protrecrion or Macuines ConNECTED TO LINE 
THROUGH TRANSFORMERS 


Upper—Actual circuit 
Lower—Equivalent circuit 


former short-circuit reactance as measured from the 
low-voltage side and the surge impedance of the line 
is reduced to its proper value, that is, by multiplying 
the surge impedance on the high voltage side by 


pee ee : : : : ' 
(==), in which r is the ratio of high-tension to low- 


tension turns. 

YY transformers with both neutrals grounded con- 
stitute the only connection for which the waves trans- 
mitted to the machine cause positive reflections of 
voltage at the machine neutral. Under these conditions 
sufficient capacitance must be used to prevent reflec- 
tions at the isolated generator neutral from exceeding 
2.12H. The voltage which may be transmitted through 
the transformer depends upon a number of factors, 
such as kilovoltamperes, reactance, ratio of trans- 
formation, etc., and it is therefore necessary to examine 
each case to determine the amount of capacitance 
required. 
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For all other transformer connections, the voltages 
due to the waves which are transmitted into the machine 
windings cancel when the waves arrive at the machine 
neutral, hence, for protection to the machine it is only 
necessary to limit the crest value of the entering waves 
and to prevent sudden voltage changes (steep waves) 
which would cause excessive turn stresses. Examina- 
tion of a number of cases indicates that by placing 
0.1 wf capacitance or more in parallel with the proper 
arrester between transformer and generator, this pro- 
tection will be accomplished. 

The capacitor which is placed in parallel with the 
arrester has two useful purposes: first, it aids in sloping 
off steep waves and, second, it reduces the crest value 
of the entering wave where the impressed wave is not 
of sufficient severity to charge the capacitor to the 
voltage required for arrester operation. 


CONCLUSIONS 


This paper outlines a rational method of providing 
protection for rotating a-c machines from surge voltages 
caused by lightning and originating on exposed trans- 
mission lines. 

Machine characteristics are indicated which in- 
fluence the proper selection of protective equipment. 

The plan of protection involves a limitation of the 
voltage of the applied wave to 2.5 times the maximum 
name-plate rating of the terminal arrester for a distance 
of at least 2,000 ft from the machine, and the use of 
special arresters and lumped capacitance at the ma- 

chine. Capacitance of 0.1 to 0.5 uf may be necessary, 
depending on whether the machine neutral is grounded 
or isolated. 

Overhead ground wires should be placed over the 
exposed line to a point at least 2,000 ft out from the 
station to protect this section of line against direct 
strokes. 

Where the rotating machine is connected to the 
exposed line through a transformer, a special arrester 
and a capacitance of 0.1 microfarad or greater in 
parallel should be located between the transformer 
and machine. 

Breakdown of machines is probably a progressive 
process and if the suggested protective means are not 
applied until the machine has been in operation for 
some years, the anticipated results may not be fully 
realized. 
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Appendix 


The voltage at the machine neutral was calculated 
by superimposing the original entering wave and the 
various reflections in their proper time relation. The 
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first entering wave is completely reflected at the neutral 
and travels back to the terminal, where part passes 
out and part is reflected back into the machine with 
reversal of sign, and becomes what we may call the 
second entering wave. This wave enters 7’ seconds 
after the first wave, where T is the time required for a 
wave to travel twice the length of the winding from 
terminal to neutral or point of complete reflection. 
In the same way there is a succession of entering waves 
at intervals of 7’ seconds, each being opposite in sign 
to the preceding one. Each wave produces double its 
voltage at the neutral or point of complete positive 
reflection, and the total voltage at that point is the sum 
of the voltages due to the several entering waves added 
at the proper time intervals. 

The voltage at the machine terminal is also the 
superposition of a number of voltage waves impressed 
at intervals of T seconds. However, these voltage 
waves are easily determined if we know the various 
entering waves. The first terminal voltage wave is 
equal to the first entering wave. The second terminal 
voltage wave is equal to the sum of the first and second 
entering waves (which are opposite in sign). The nth 
terminal voltage wave is the sum of the nth and the 
(n — 1) entering wave. 

Thus, for the present purposes it is only necessary 
to obtain formulas for the various entering waves in 
order to determine the total voltage at the terminal 
and the neutral at a given instant. It is not necessary 
to take space for the derivations here. 

To obtain the voltage waves for the several machine 
lengths examined, the various entering waves were 
first plotted and then added in their proper time rela- 
tionship, depending on the length of machine assumed. 
The formulas follow: 

E. =-E, ¢~® = wave on line 

B = 0.0173 for a 0/40 wave 

Z, = surge impedance of incoming line 

Z2 = surge impedance of machine : 

C = capacitance in microfarads at machine terminal 

L = time in microseconds required for a wave to 
travel the length of the machine winding 

Vo = voltage at machine terminal 

Vy = voltage at machine neutral 

Vie» Vey Vae = first, second, third entering waves 

t = microseconds from beginning of each wave. 
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Formulas for further entering waves, if desired, 
may be written out from inspection of the preceding 
formulas. 
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Discussion 


PROGRESS REPORT ON IMPULSE TESTING OF 

COMMERCIAL TRANSFORMERS 

(VogeL AND MontsIncEer) 
FACTORS INFLUENCING THE INSULATION 
COORDINATION OF TRANSFORMERS 
(F. J. Voge.) 
COORDINATION OF INSULATION 
(MontsinGcer, Luoyp anp CuEM) 


IMPULSE VOLTAGE TESTING 
(HARDING AND SPRAGUE) 
PROTECTION OF ROTATING A-C MACHINES AGAINST 
TRAVELING WAVE VOLTAGES DUE TO LIGHTNING 
(Rupen, WIESEMAN AND Lewis) 


F. F. Brand: The interesting time lag curves, given in Mr. 
Vogel’s paper and more completely in the paper by Messrs. 
Montsinger, Lloyd and Clem, which show the relation of insula- 
tion and various gaps, are apt to give the impression that the 
whole scheme of insulation coordination which has been recom- 
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mended by the A.I.E.E. Transformer Subcommittee is of little 
value, since the dielectric strength of the point gap which has 
been standardized increases more rapidly than that of solid insu- 
lation for very short time lags. 


A eareful consideration of the basis, on which coordination of 
insulation has been worked out, shows that one cannot form a 
general opinion merely from these time lag curves. Primarily 
coordination of insulation was started to form a basis for the 
relation of power transformer insulation to that of the rest of the 
circuit, for those transients which these transformers should be 
expected to withstand when connected to overhead circuits. 


The time lag curve shown by Mr. Montsinger indicates that an 
insulation barrier, which has a 10 per cent margin of dielectric 
strength over a point gap of a given setting for wave fronts of 
2 microseconds or more, will fail if a wave with a front of less 
than 34 microsecond and of sufficient voltage to break the point 
gap is impressed on it. 

Effective coordination implies a factor of safety in actual trans- 
former insulation with which the transformer has not been 
eredited in this curve. 

Secondly, for power transformers at least, it is very doubtful if 
they will be subjected to waves of less than 1 microsecond front. 
The coordination point gap settings for these were worked out on 
the basis that they would be placed close to the transformer but 
interposed between it and the line over which the transients were 
expected to flow. 

Any stroke on the line, whether induced or direct, which has a 
voltage of the order of the coordination gap breakdown is above 
the corona point of the line, and the wave front is therefore sloped 
by losses as the wave is propagated toward the station. In addi- 
tion to this, the wave front on arriving at the station is sloped by 
the lumped capacitance of the station apparatus and connections. 

It appears, therefore, that a wave front of 34 microsecond or 
less, which the time lag curve shows might be dangerous to 
transformer insulation can appear only at the transformer termi- 
nals, not by reason of direct strokes on the line, but actually at 
transformer terminals unprotected from such strokes by grounded 
metal such as overhead ground wires, steel work, or direct stroke 
masts. 

Furthermore, it appears that the rate of voltage rise in the rare 
event of a direct stroke striking the transformer terminals, due to 
the enormous voltage of the lightning stroke, would be such that 
any gap, even a few feet away, might not receive anything like 
the same voltage in a fraction of a microsecond as that received by 
the transformer terminal struck. The type of gap, therefore, 
might have little effect in preventing excessive voltage on the 
transformer in such eases. Good engineering practise would ob- 
viously seem to demand that valuable apparatus such as power 
transformers should be shielded effectively from direct strokes 
to their terminals. 

C. L. Fortescue: The title of the impulse testing paper is very 
satisfactory. The writer feels that on such an important matter 
as the impulse testing of apparatus it was advisable to proceed 
with caution for the reason that while a great deal of data have 
been obtained during the past five years with regard to surges 
produced by lightning on transmission lines, there has not been 
time enough yet fully to digest these data. 

There has been a tendency to treat the subject of coordination 
of insulation in apparatus and system as if it were an entirely new 
approach to the solution of the economic protection of power sys- 
tems. For this reason suspicion might very well be created in the 
minds of some of our system engineers that the development of 
the principles of coordination might lead to the throttling of 
initiative in the design and layout of electrical systems. It is very 
vital that this impression be prevented. 

In discussing the paper by Messrs. Montsinger, Lloyd and 
Clem the writer points out that it is possible to protect the trans- 
mission and connected substation so that the line surges resulting 
from lightning due to direct or induced strokes will be reduced at 
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their source so that what enters the substation will relatively be 
innocuous. 


It would seem logical for a system carefully laid out and well 
protected to use apparatus in the substation requiring a lower 
impulse test specification. It also seems logical that the manu- 
facturer should have the privilege of reeommending what class of 
insulation may be used with different levels of protection of line 
and station. Otherwise the principle of coordination (which I 
take to mean the application of sound engineering and economic 
principles to the protection and insulation of power systems so as 
to produce continuity of service at a minimum cost) would have 
no meaning. 


There will naturally be some differences of opinion among 
transmission engineers as to the application of these principles 
especially in the case of 220-kv systems, some favoring the use of 
lightning arresters to maintain continuity of service by pre- 
venting spillover of the gap and others being in favor of using a 
higher level of insulation with correspondingly higher gap setting 
leaving out the arrester. I, myself, believe that the best protec- 
tion and the one that insures continuity of service at all times will 
use an approved type of lightning arrester in multiple with the 
gap. 

The subcommittee that has been working out the methods of 
carrying out impulse tests on transformers is to be congratulated 
in having developed a logical and satisfactory technique for 
carrying out such tests especially the ingenious method of apply- 
ing power follow up, which insures that if any damage occurs to 
the transformer as a result of the application of the impulse it will 
show up positively. 

Mr. Vogel’s paper presents the results of a series of tests to 
determine the approximate impulse time lag characteristics of 
insulation of the type used in transformers. As he points out, 
these characteristics do not necessarily apply to an actual trans- 
former because the impulse stresses in the transformer will de- 
pend upon its physical design, that is to say, whether the prin- 
ciples of coordination have been properly carried out in the insu- 
lation of the coils and coil groups in the transformer design. 
Where these principles have been properly carried out the im- 
pulse time lag characteristics of the transformer as a whole will 
closely approximate that of the major insulation as shown in 
Mr. Vogel’s paper. The data given in Mr. Vogel’s paper there- 
fore are of great value to transformer manufacturers. 

The data presented comparing surge strengths of insulators, 
gaps, bushings, and transformer major insulation are of great 
value. It is interesting to note how convenient these impulse 
time lag curves are as a basis of comparison between insulators 
having different impulse time lag characteristics. The writer is 
convinced that if the proposed basis of comparison of minimum 
flashover and puncture curves for different standard waves had 
been adopted the result would have caused a great deal of con- 
fusion. The impulse time lag curves are all the fundamental 
data needed for coordination and the use of the 1-5 and 1-10 
waves should be confined to shop and laboratory investigations. 

A critical examination of these impulse time lag curves at once 
suggests the advisability of obtaining a coordinating gap that 
has an impulse time lag characteristic corresponding more closely 
to that of the major insulation. This at once suggests the sphere 
gap with close spacing between spheres. Certainly transformers 
connected to systems unprotected by ground wires where direct 
strokes may occur close to the station should be coordinated for 
short time lags, however, if the proper type of lightning arrester 
always is used in multiple with the gap such coordination is satis- 
factorily obtained and the arrester does away with the possibility 
of fiashover of the terminal. 

It is interesting to note that the major insulation adopted for 
transformers in the past which met the requirements of the stand- 
ard A.I.E.E. tests also met the requirements of coordination in 
the higher voltage classes. As discussed later these test specifica- 
tions with the necessary insulation to meet them were obtaixed 
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in the past as a result of experience with practically no knowledge 
as to the formation and propagation of surges due to lightning 
and it is surprising how well these tests met practical require- 
ments in service. With the data now available and their further 
analysis and with the improvements in design and testing of 
power transformers we should look forward to a radical improve- 
ment in their operating performance in the future. 


The paper by Messrs. Montsinger, Lloyd and Clem contains 
a great deal of valuable information in connection with the sub- 
ject of coordination of the insulation of apparatus in substations 
to withstand the surges that enter the substation as a result of 
switching or lightning. One is tempted to ask what is meant by 
the term coordination as used in this connection. Certainly the 
opening paragraph of the paper attempts to define its meaning, 
but it seems inadequate. It seems that what is meant is nothing 
more than sound engineering in applying the data and knowledge 
that are available to obtain a layout that will give reliable service 
at the least possible cost. Coordination must be earried out 
therefore in such a way that flashover of coordination gaps is 
comparatively rare. One way to do this is to use lightning ar- 
resters to protect the gap against flashover, in which case the gap 
may be considered as back up protection to the arrester. Another 
way is to raise the insulation level of the whole station layout and 
protect against it at its source in the line by adequate ground 
wire protection. 


In the past the knowledge and data that have been obtained 
in the last five years on lightning surges were not available, very 
little also was known as regards switching surges and even today 
we probably know less about switching surges than we do about 
those due to lightning. As a result the engineering of transmis- 
sion lines substation and apparatus insulation was largely statis- 
tical. Lightning arresters were developed to a limited extent and 
no doubt played a part in protecting apparatus. Fortunately the 
impulse strength of the substation insulation of the early installa- 
tion generally was below that of the line and apparatus so that the 
insulators performed the functions of a coordinating gap and 
usually saved the apparatus from failure. It is surprising how 
well the apparatus insulation arrived at by this rough and ready 
engineering has stood up in the past, in fact we are compelled to 
admit that there was some degree of coordination carried out 
between apparatus insulation and substation insulation even in 
those days when reliable data as to surge magnitude were lacking. 


The principle of coordination should not be considered as 
applying solely to the station apparatus and its insulation level, 
which may be determined by a so-called coordinating gap, but 
extends nowadays to the whole system. Thus in the transmis- 
sion line the overhead ground wire is the relief measure in coor- 
dination of the transmission line insulation, and the configuration 
of the ground wires with respect to the line wires must be such as 
to shield them effectively from an oncoming stroke and the dis- 
tance between ground wire and line wire must be coordinated 
with the span length the surge impedance of tower and footing or 
buried counterpoise so as to prevent side flash. The line insula- 
tion and the clearance from towers under wind conditions must 
be coordinated. It may not be economie to design the line so as 
to be lightning proof, but it may be coordinated for a certain level 
of protection and sufficient data are now available to enable the 
designer to predict with reasonable accuracy the performance of a 
line designed for a given level of protection. The computations 
for determining the ground wire spacings and tower insulation 
clearance for a given level of protection are simple, all the neces- 
sary data having been systematized. 

With respect to the protection of the station against direct 
strokes, the problem is simpler even than for the line, for the line 
runs over very rough territory where low footing resistances are 
difficult to obtain and spans are long and towers high. Recourse 
must then be had to a counterpoise connected to the tower footing 
and more liberal insulation and tower clearances all of which are 
expensive when long distances have to be considered. In the 
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ease of stations the area to be considered in connection with the 
overhead protective measures is comparatively small, the sup- 
porting structures are close together so that even when the re- 
sistivity of the earth is high a very effective ground can be ob- 
tained by a buried grid connecting all the support footings. The 
supporting structures need not be high and therefore the surge 
impedance will have a slight effect in raising the potential at the 
top of the ground wire support when struck. Since the structures 
are close together the potential at the middle of the ground wire 
span will be kept at a low value when struck so that the clear- 
ances between it and the bus structure need not be very great. 
In calculating the surge to which a transformer may be subjected 
as a result of a direct stroke at a ground wire between two sup- 
ports, we must compute the potential at each point of the ground 
wire between supports during the duration of the stroke and con- 
sider the capacity coupling between line and ground wire between 
supports as the medium by which the surge on the ground wire is 
conveyed to the line and thereby to the transformer, the surge 
impedance of the line and the capacitance of the transformer are 
in multiple. 

It will readily be seen that since the capacity of the trans- 
former is large compared to the coupling capacity between sup- 
ports in representative cases, a very small part of the potential of 
the ground wire appears across the terminal of the transformer, 
probably not enough to operate the arrester or coordinating gap. 
In the case of the transmission line itself when a ground wire is 
struck, provided the protection is effective, no surge will appear 
on the line though its potential will be raised at the point of 
stroke and will die out as the surge on the ground wire reaches 
successive adjacent towers; after the second or third tower the 
reduced potential is negligible. Even when the ground wire 
protection is inadequate the surge that appears on the line due to 
its failure is limited to waves of steep front chopped by the insu- 
lator of the line which alternates very rapidly as this travels 
along the line. 

It'is practicable therefore to protect a transmission system and 
connected stations so that the probability of a surge of sufficient 
magnitude entering the stations is very small, but it is neverthe- 
less always advisable to install coordinating gaps. 
today some high voltage systems without lightning arresters 
which have been in operation in lightning territories for five years 
without experiencing spill-over due to lightning; which is a prac- 
tical proof of the soundness of the above statement. This degree 
of protection may be justified economically on 220-kv systems 
and higher, but not so for 138-kv supplies and below, except for 
very special cases. For these low voltage systems lightning 
arresters as well as coordinating gaps should be used. 


It is noted that in order to show the complete coordination 
between insulation, gaps, ete., volt-time curves on the 114-40 
wave on a common sheet have been used. This departure from 
the authors’ former contention that coordination data should be 
presented in terms of several of different lengths and steepness 
such as the %-5, 1-10 and 114-40 is very gratifying, since the 
writer has always insisted that the impulse time lag characteris- 
tics are fundamental data and fully determine the coordination 
characteristic of every typé of insulator. The impulse time lag 
curves presented were obtained by using the 114-40 wave which 
is convenient since it has been adopted by the transformer com- 
mittee for all tests on transformer. It would be advantageous if a 
wave as nearly perpendicular as possible could be used for impulse 
curves, for the reason that flashover on the front makes the im- 
pulse ratio higher than it should be and therefore exaggerates 
the steepness of the curve at the short time lags. Such a wave 
chopped at a suitable time would be quite as suitable as the 
Y%-5 and the 1-10 wave and by adding resistance in series with 
the chopping gap can be made to duplicate these waves for all 
practical purposes. We have used impulse time lag curves to ¢o- 
ordinate the insulator and clearances of towers for potentials that 
appear as the result of direct stroke and also checked them in the 
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laboratory by artificial waves corresponding to these potentials; 
the results have tallied closely enough for practical purposes. 

F. W. Peek, Jr.: A year ago the writer suggested that the 
Institute appoint a committee to formulate rules for impulse 
testing of transformers. The rapid progress that has been made 
is indicated by the papers presented. The writer made the sug- 
gestion at that time that ‘‘one of the most important problems in 
establishing lightning tests is to devise means for detecting incipi- 
ent turn-to-turn, coil-to-coil or other failures. This is so because 
the operator must feel assured beyond any reasonable doubt that 
the transformer is as good after the test as before the test was 
made.” This is true particularly if the windings can oscillate. 
It would be worth the committee’s while to give considerable 
attention to this subject. As matters stand at present, it cannot 
be said that impulse testing is a very accurate measure of the 
worth of a transformer. 

For example—assume that three different types of trans- 
formers (A, B, and C) are given impulse tests. Assume further 
that A fails through the major insulation but that B and C ap- 
parently pass the test.. It might well be that B was damaged and 
that C actually passed the test because it was properly designed. 
In this case the test without a detector is worse than useless. The 
real deciding factor still rests in the knowledge and experience of 
the designer in such matters. This, of course, also applies to 60- 
eycle testing, but fortunately this test is made over a sufficient 
interval of time so that, usually, damage can readily be deter- 
mined. In fact, this can be done with great certainty by an in- 
strument or detector called the ‘‘coronaphone”’!. 

Impulse testing voltages should bear a definite relation to the 
voltages that are permitted upon transmission lines by the insu- 
lators, coordinating gaps and arresters. For practical purposes 
lightning voltages may be divided roughly into three classes: 
direct strokes; traveling waves; and transients of internal origin such 
as switching surges. 

Direct stroke voltages for the purpose of this discussion are those 
that occur directly to the terminals of the apparatus and are 
most severe because they are exceedingly steep and may reach 
high values before the insulators or ordinary gaps have had a 
ehance to spark over. The chance of strokes occurring directly 
to apparatus terminals is not great even when special protective 
means are not provided. Fortunately, by certain protective. 
schemes direct stroke voltages, as defined above, may readily be 
prevented. In fact, most direct stroke voltages are converted 
into voltages of the traveling wave type before reaching apparatus. 

The traveling wave type of voltage has a more sloping front than 
the direct stroke type and may be the result of induction; the 
residual of a direct stroke to the line left by insulator sparkoyers 
a few hundred feet away; or a direct stroke near a station well pro- 
tected by ground wires or lightning rods. Not all these voltages 
are true traveling waves but are included in this type because of 
their effects. 

The only important effect of voltages of internal origin is on the 
setting of protective apparatus. Such apparatus must be ad-~- 
justed so that voltages of this type are not continually causing 
sparkover. 

There are several papers in this session that treat of the effect 
of coordination on transformer insulation. The following discus- 
sion is confined principally to the paper by Messrs. Montsinger, 
Lloyd and Clem because the data given on insulations are very 
complete and cover the whole range from switching surges to 
direct strokes. 


An examination of Fig. 2 in this paper shows that insulation 
strength does not vary greatly until the time is decreased to 
about 2 usec for the method used. This method is referred to 
later. The strength then begins to increase appreciably. The 
figure also shows that the coordinating rod gap likewise begins to 
increase rapidly at the 2 usee point. Although both the insulation 
and the coordinating rod gap increase in strength with decreasing 
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time, the sparkover voltage of the gap increases much more 
rapidly than the strength of the insulation. These characteristics 
show that the rod gap is quite ideal for the usual lightning voltage 
but that the margin decreases for the direct stroke type. Any 
desired margin can be maintained with the rod gap when ground 
wires or other protective means are used to reduce the direct 
stroke of voltage to the traveling wave type. An alternative 
scheme is to use a gap with characteristics of a sphere or to reduce 
the rod gap setting somewhat. It should be pointed out that 
Fig. 2 does not represent a transformer but shows the general 
characteristics of an insulation barrier. There is no constant im- 
pulse ratio or relation between 60-cycle and lightning voltages for 
transformers. The writer has observed many tests on all types of 
barriers and transformers. It is possible for a transformer to 
have sufficient margin to be quite satisfactory for rod gap coor- 
dination. These curves do not condemn the rod gap as a coor- 
dinating gap. Incidentally, it is of interest that Mr. Vogel’s 
data are in agreement with those of Messrs. Montsinger, Lloyd 
and Clem up to 2 microseconds. Further comparison is not pos- 
sible. 


Itis pointed out that 2 microseconds does not represent a critical 
time interval when insulation characteristics suddenly change as 
Mr. Vogel suggests.. The appearance of 2 microseconds as the 
point where characteristics change is brought about largely by 
the manner in which the tests are made. These tests were made 
by applying a 114-40 wave at different voltages and noting the 
time at which failure occurred. At 2 microseconds the crest has 
practically been reached and a shift occurs from the tail to the 
front of the wave and the effective time interval thus becomes 
suddenly greatly reduced. There is a transition from tail spark- 
over to front sparkover. Thus, these are not true voltage time 
eurves and are misleading. The effect of this type of test is 
equivalent to the 14-5 wave at approximately 1.5 microseconds 
point in Fig. 2. 

-It may be concluded from the above that the most effective 
protective system is: insulation levels as fixed by the coordinating 
rod gap values; protective means, largely in the way of ground 
wires extending at least a few poles out from the station or towers 
for converting the direct stroke voltages into the traveling wave 
type voltages; and lightning arresters. It may be desirable some- 
times to add a gap of sphere gap characteristics, particularly 
where ground wires are not used. 


H. V. Putman: There has been considerable misunderstand- 
ing on the part of some operating engineers regarding the work 
of the Transformer Subeommittee of which the writer is chair- 
man. They have felt that the committee has been trying to tell 
them how they should establish insulation coordination in their 
substations, what level of insulation they should use on their 
lines, and what level of insulation they should require in their 
transformers. This is not the purpose of the committee at all. 
We feel that the general problem of insulation coordination 
largely is outside the scope of the committee’s activities. The 
joint NEMA-NELA committee on insulation coordination is, 
we believe, the proper body to handle this broad, general prob- 
lem of insulation coordination. It is only one small part of this 
problem affecting the transformer proper which we are endeavor- 
ing to handle, and even here we are not attempting to tell 
operating engineers how much or how little surge strength they 
should have in their transformers. We are endeavoring to bring 
order into our design procedure, to make it possible for a manu- 
facturer to supply intelligently a transformer having specified 
impulse strength and to ‘prove definitely that that impulse 
strength has been obtained. 

Surely in carrying out any plan of insulation coordination 
which may finally be agreed upon, it will be necessary to know 
and prove the impulse strength of every piece of apparatus 
entering into the coordination scheme. The committee wants to 
remove any uncertainty regarding the impulse strength of trans- 
formers. It wants to know and prove the impulse strength of 
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transformers so that they may intelligently be fitted into any 
scheme of coordination desired. 

So far as our committee is concerned, operating engineers are 
perfectly free to choose the level of insulation which they desire 
in high voltage transformers. The writer has talked to some 
operating engineers who felt that certain transformers, because 
of the unusual importance of their application to continuity of 
service, should have higher impulse strength than normal, and 
that standards of at least two different values of impulse strength 
should be established for each voltage class. The writer is very 
sympathetic to this view, but it is a matter outside the scope of 
the subecommittee’s activities. 

It is true that the subcommittee has established a schedule of 
coordinating gaps for different voltage classes, but this has been 
done not to dictate apparatus or line insulation levels, but only 
to indicate or specify what impulse strength may reasonably be 
expected in well designed transformers meeting the existing 
A.I.E.E. tests. It is true also that in extending this schedule of 
coordinating gaps to the distribution circuit voltages in a manner 
consistent with the gaps established for the higher voltage classes, 
it became apparent immediately that the existing A.I.E.E. tests 
for these lower voltages were much too. low and should be raised. 
Experience also had indicated the same thing and had brought 
about increases in the insulation actually employed by several 
manufacturers over and above that required by the A.I.E.E. 
tests. The subcommittee therefore is considering reeommending 
the low frequency A.I.E.E. tests in these lower voltage classes be 
raised to make them consistent with the coordinating gaps which 
have been established and with field experience. 


The schedule of coordinating gaps for the different voltage 
classes established by the subeommittee now extends from %% in. 
for the 600-volt class to 64 in. for the 220-ky class, and repre- 
sents the best standard for insulation strength available today. 
Apparatus designed to‘test against these gaps in line with the 
subcommittee reeommendations for impulse testing will meet the 
existing low frequency A.I.E.E. tests in the higher voltage classes 
and the proposed increased tests in the lower voltage classes. 
The writer personally recommends (not speaking for the sub- 
committee), that those who are engaged in this broader problem 
of insulation coordination accept the subcommittee schedule 
of coordinating gaps as the normal insulation level of trans- 
formers in the different voltage classes, and if it can be agreed 
that certain transformer applications, because of their relative 
importance, require higher or lower insulation than normal, then 
the insulation level and test be that corresponding to the next 
higher or lower gap in the schedule. 

In conclusion reference is made particularly to the changing 
attitude of the industry toward the matter of impulse testing. 
When this problem was assigned to the subcommittee at the 
winter convention of 1932, grave doubts were expressed as to the 
feasibility of impulse testing. In one of the papers presented at 
that time, the statement was made that there was no way to 
detect damage due to impulse testing except by complete dis- 
mantling and examination of the insulation piece by piece. It 
is surprising to hear that same thought again voiced by Mr. Peek 
in his statement that the subcommittee has not arrived at any 
satisfactory solution to the detection problem. Jn the writer’s 
discussion at the winter convention last year it was stated that 
impulse testing was practical and failures could be detected. 
These statements were based on the work of Mr. Vogel in devel- 
oping impulse testing with dynamie power connected and with 
the surge synchronized with the crest of the voltage wave. 
Since then Mr. Vogel’s work has been published and the sub- 
committee has adopted this method in its recommendation. The 
progress report of the subcommittee leaves little doubt about the 
feasibility of impulse testing, or little question about the matter 
of detection of failures. 

If Mr. Peek actually does experience these pinhole failures 
which he and his associates have mentioned so often in connec- 
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tion with surge testing, there: must be some peculiarity in his 
design practise which is responsible for this, because in our experi- 
ence we have never found pinhole failures except as a secondary 
result of a major breakdown. We have always been able to 
detect any failure during the surge test by the method outlined 
in the concluding paragraph of the progress report of the sub- 
committee. But more important, every transformer in which no 
damage was detected by the proposed method, when torn down, 
was found to be absolutely clean—and we have looked for these 
pinhole failures with magnifying glasses. 


It is certain that the method of detection proposed by the sub- 
committee will indicate any major insulation failure to ground, 
any failure between coils, any failure lengthwise of an entire 
group, and a streamer of appreciable magnitude. It would 
appear, therefore, that the problem of detecting insulation dam- 
age during surge testing has been solved in a manner satisfactory 
for all practical purposes. 

In various conversations with operating engineers during the 
last 15 months, the writer has found several who were strongly 
opposed to impulse testing, fearing some damage to the insula- 
tion as a result of the test. But it was an interesting experience 
to see one operating engineer who was violently opposed to 
impulse testing, become one of its most ardent advocates. This 
change in attitude is, in a lesser degree, characteristic of the whole 
industry. 

It was suggested last year that the subcommittee in under- 
taking this work should propose tests which would be relatively 
severe and not just some fireworks which might be fun to look at, 
but which wouldn’t be significant. The tests which the sub- 
committee has reeommended represent the consensus of opinion 
of the members in this matter of severity. They may or may 
not meet with general approval among the Institute members. 
While we desire to have a frank opinion from the members of the 
Institute regarding the recommended tests, it should be pointed 
out that we are working in a relatively new field. Our practical 
experience with commercial impulse testing is still limited. No 
field experience is now available on which to judge the adequacy 
of the proposed tests. But it would appear certain that the tests 
proposed would insure transformers of higher impulse strength 
than many now in service which have established excellent 
service records. 

The writer would therefore bespeak a word of sympathy for 
the proposed outline of impulse tests and suggests that it be given 
a trial for a period of two or three years, at the end of which time 
we shall be in a much better position to know what changes 
should be made. 

Mr. Vogel presents in his paper the fundamental data required 
to answer an important question which has occurred to all of us 
who have been studying the problem of insulation coordination: 
how much impulse strength can be obtained in a transformer 
designed to meet the existing A.I.E.E. low frequency tests? If 
we assume that the major insulation of the transformer is de- 
signed to meet this test with a proper margin, and if we assume 
further that the designer employs the necessary refinements 
(proper proportions, padding, elimination of creepage surfaces, 
shielding, etc.) to make the internal impulse strength, that is, 
between turns and coils, equal to that of the major insulation, 
how much impulse strength will be obtained in the transformer 
as a whole, and will this be sufficient to coordinate properly with 
present recommended gaps? Mr. Vogel’s data indicate that in 
the higher voltage classes and down to the 34.5-kv class, internal 
coordination will be obtained both for long waves and for waves 
as short as 2 sec, where the margin between the impulse strength 
of the insulation and the flashover voltage of the coordinating 
gap appears to be a minimum. This also will be true for both 
positive and negative waves. At the critical point of 2 micro- 
seconds, the margin of protection substantially is the same as 
that of the ultimate low frequency dielectric strength of the major 
insulation and the standard A.I.E.E. low frequency test voltage. 
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Below the 34.5-kv class, Mr. Vogel’s data indicate again the 
necessity of raising the present standard A.I.E.K. tests and sug- 
gest values which would make them consistent with the recom- 
mended coordinating gaps. Mr. Vogel’s paper makes a valuable 
contribution to the subject. He discloses for the first time the 
shape of the time lag curve for major insulation of transformers, 
its impulse ratio, and the nature and effectiveness of the internal 
coordination which will be obtained with gaps of the conven- 
tional type. I am glad he has confined his paper to this single 
problem, which is the paramount transformer problem of interest 
to those engineers who are shaping the industry’s reeommenda- 
tions in this matter of insulation coordination. Best of all, the 
paper establishes from fundamental data the reasonableness of 
the recommended coordinating gaps and constitutes the best 
possible argument for their acceptance by the industry as the 
normal level of surge strength for the various voltage classes. 


The paper by Messrs. Montsinger, Lloyd and Clem contains 
much valuable information and presents the results of a large 
number of tests on the impulse flashover values of insulator 
strings and gaps under a variety of conditions. It is regretted 
that the laboratories of Mr. Montsinger’s company and of the 
writer’s company do not agree fully as yet on all of these test 
results. 


The authors emphasize the care and precautions necessary in 
this test work and point to agreement between the Schenectady 
and Pittsfield laboratories to substantiate the correctness of their 
results. We also emphasize the care necessary in making mea- 
surements of this kind and point with equal pride to agreement 
of results between our Trafford laboratory and our high voltage 
laboratory at’Sharon. These laboratories are manned by inde- 
pendent groups of men working with quite different apparatus, 
yet their results agree very closely. I suspect that the source of 
the difference between Westinghouse and General Electric re- 
sults will be found not in a lack of care on the part of either, but 
more likely in some difference in the fundamental standards em- 
ployed by the two groups and on which their measurements must 
in the final analysis depend. 

In spite of our laboratory differences at the present moment, 
there is one thought which I would like to leave with the utility 
engineers who will be using the results in working out their co- 
ordination problems. This thought, with which I believe the 
authors of the paper willagree is that the laboratory work involved 
in securing the kind of data presented by the authors and which 
will be presented by my associate is really an enormous job, and 
it has been carried on by our two companies at considerable 
expense. I feel that these laboratory groups, therefore, have 
rendered and are rendering the industry a great service—one 
which should be appreciated—because after all, this funda- 
mental work is absolutely necessary to the successful conquest 
of lightning disturbances; necessary to a still closer approach to 
the goal of perfect continuity of electric service. I hope, there- 
fore, that the attitude of the utility engineers toward these 
laboratory groups may be one of patience until they can remove 
their differences. In presenting our results and methods of 
measurement thus openly, we -hope that out of the discussion 
may come some clue as to the cause of our differences, which may 
be helpful in overcoming them. 

The statement in the paper that the gap is considered as a 
device for setting a maximum to the voltage which may be 
applied to the station apparatus, may be misleading to those less 
familiar with the subject, because the gap does not actually do 
this at all, as the authors well know. What the gap does do is to 
chop the wave. If low enough in magnitude, the wave is chopped 
on the tail, so in this case the wave is limited in length, not in 
magnitude. If the surge is high enough, the gap chops it on the 
front—not at any particular maximum value, but to a value 
depending on the steepness of the front. This is the factual 
interpretation of the function limiting the maximum voltage 
which ean reach the apparatus. 
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The statement that the gap is not a protective device because 
it offers no relief from repeated applications of surges up to its 
flashover value seems to me meaningless. To claim that the gap 
is not a protective device is justified only if it is admitted that 
the transformer is not fully protected by it—that the transformer 
needs additional protection against repeated surges over the gap 
or of less than its flashover value. We design our transformers so 
that they are amply protected by the gap alone if proper ground 
wire protection against direct strokes over the substation is 
provided. 

In regard to protection against direct strokes, I believe it is too 
early to claim that a sphere gap would protect effectively. It will 
provide, as Mr. Vogel points out in his paper, greater margin 
between the transformer insulation strength and its flashover 
voltage for very short time lags than the ordinary gap. But the 
steepness of the wave front of a direct stroke is very great—no 
one knows how great—and with waves of extremely steep front, 
even the sphere gap has a pronounced time lag, so the degree of 
protection would be somewhat uncertain at best. 


Last year at the convention I reported on a commercial test 
which we had made on a 42,000-kva, 220-kv transformer using a 
wave front of 11,000,000 volts per microsecond, which was the 
nearest thing to a direct stroke that we could produce in the 
laboratory. This wave front was three times as steep as any 
recorded in the field, but Mr. Fortescue stated at the time that he 
believed a direct stroke to the bushing would even be very much 
steeper than that. Very little is known about the flashovers of 
gaps and bushings or the insulation strength of windings when 
subjected to these extremely steep wave fronts. It appears 
doubtful that we shall ever depend on insulation coordination for 
protection against these extremely steep waves. The best pro- 
tection against direct strokes is effective ground wire protection 
over the substation and out onto the line at least for a short dis- 
tance. This kind of protection properly designed can be de- 
pended on fully. 

In connection with the proper location of protective gaps, Mr. 
Bellaschi has made a suggestion to improve the protection against 
very steep surges, which is discussed in the following. When a 
gap flashes over due to a very steep front surge it chops it on the 
front and passes on to the transformer an impulse of very high 
voltage of very short duration. If the gap is located right at the 
transformer it will experience the full voltage of this impulse, but 
if the gap is located at some little distance from the transformer, 
this impulse in approaching the transformer will have both the 
steepness of its front and the magnitude of its crest appreciably 
reduced due to the capacity of the transformer and adjacent 
apparatus and structure, thus subjecting the insulation to a 
much less severe stress. This is a very practical method of 
sloping off the front and suggests that perhaps the best place for 
the gap is not right at the apparatus but at some little distance 
from it, particularly if there are ground wires over the substation 
to prevent direct strokes to the apparatus. Better still, two gaps 
might be used, one at the apparatus and one at some distance 
away. 

The authors of the paper suggest a level of impulse strength for 
bushings 15 per cent above that of the protective gap. We arein 
agreement that the bushing level approximately should be of 
this order. If this level is accepted, the degree of protection 
afforded the winding by the bushing can appreciably be increased 
and internal coordination made more effective. It is important 
that the impulse flashover of bushings be standardized rather 
than the 60-cycle dry flashover values, which are of no signifi- 
cance from an operating standpoint. In view of these facts, the 
proposed standard for 60-cycle dry flashover values for bushings 
which was submitted to the Electrical Standards Committee a 
year and one-half ago, when less progress had been made on 
insulation coordination, should be recalled and revised to estab- 
lish impulse flashover values in place of dry 60-cycle values. 
There is no positive assurance that the desirable impulse values 
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ean be obtained with the present proposed 60-cycle dry flashover 
values. But it is only the impulse values and the wet 60-cycle 
flashovers that are of importance from an operating standpoint, 
or for the purpose of establishing a standard. 

This subject was discussed by the Electrical Machinery 
Committee and it was recommended that the Transformer Sub- 
committee initiate some action looking toward a modification of 
this proposed bushing standard to substitute surge voltage 
values in place of the dry 60-cycle flashover values. 

H. K. Sels: Referring to the several papers dealing with the 
insulation coordination of power transformers, it apparently still 
is the practise to consider the strength of transformer insulation 
in terms of a rod coordinating gap although a great deal of 
progress has been made with voltage measurements. If it is 
necessary to continue expressing insulation strengths with gaps, 
it might infinitely be better to return to a sphere gap standard 
that more nearly approximates the insulation volt-time curve. 
To carry this a step further, if we can use spheres, why not 
voltage and time directly? 

From an operating standpoint, the use of a coordinating gap 
for protective purposes in a station is undesirable on account of 
tripouts. In order to prevent tripouts, some kind of lightning 
arrester equipment is necessary. Below are tabulated the 
voltages permitted at the terminals of present day arresters with 
test waves expressed in terms of a rod coordinating gap at 12 
microseconds as compared with the proposed coordinating gap 
for power transformers. 


Arrester 
crest voltage gap, in. 


Transformer 


Voltage class coordinating gap, in. 


VER C UA Sepemct Bono IPE COO OO Oe FOS 2.6 
FEB UU DS A RINSE Cie (aP- INS Smte mR Pees 4.7 
SAS DOUG area re ye rote che es DIZG eae eke et he ees 7.3 
AG OOO Kies alae kee LQ ZO seerete eas sere aire 10.5 
GEL O Ura eat ao Sue ce IG eo aba ose SOE Ot 17.0 
PALL UE oo See oe So er 7 SA DER ooo SoCo 23.0 
115,000... Ble prtey eee ates asene 29.5 
HSE OOO Naa nicte als, Fete eee Biola eae iota GLka 3 36.0 
TS THOOO Perak ecuevs oe neete ene AED sears Bras bis rate taeeek 42.0 
IMMELLUR ES conte .acos os. EGE Sap ees Sago oS Ste 51.0 
PET Meee Sipe dete cee UL Deng Geer e 60.25 


Since the arrester crest voltage is practically flat with time and 
transformer insulation has a much flatter volt-time characteristic 
than the coordinating gap, the necessity of expressing all measure- 
ments directly in voltage is emphasized by the small protective 
margin indicated by gap spacing alone. 

Also, remembering that the protective value given above for the 
arrester is at its terminals without any allowance for impedance 
drops in the arrester and equipment leads and ground resistance, 
if any, there is some question whether the insulations proposed 
are sufficiently high. This is further emphasized by the recent 
trends to higher line, bus and bushing insulations. 

Early agreement should be reached in expressing insulation 
characteristics by cathode ray oscillograms so that proper insula- 
tion levels may be selected by joint insulation coordination 
comunittees. 

Philip Sporn: The report by Messrs. Vogel and Montsinger 
is a step in advance to put the question of transformer insulation 
and the entire problem of insulation coordination on a more 
rational basis. It cannot, however, be pointed out too strongly 
that almost everything recommended should be taken as a 
tentative recommendation, and that in many cases there is no 
question but that ultimate practise, when it is finally developed, 
is bound to be considerably different from that recommended 
here. Further, there is a great deal that still remains to be done 
to put the technique of impulse testing of commercial trans- 
formers on a sound commercial basis. This is true, for example, 
with regard to recommendations that tests be confined to the 
positive wave. While this may give a more severe stress to the 


446 


transformer insulation, it is quite likely that coordination based 
on positive waves only will be entirely misleading and give a very 
poor and possibly dangerous setup under certain operating con- 
ditions. Again, the authors have apparently elected to slur over 
the very important question of determining whether or not any 
damage short of breakdown occurs to any portions of the wind- 
ings in the process of impulse testing. It is apparent that this 
is too important to be left to chance. All these things, however, 
will come with time. 

The paper does offer a basis of getting started and getting to- 
gether some data and information on a method of testing that 
would sufficiently be close among all the groups following it so 
the data taken at various points later can be analyzed and inter- 
preted with a view of making recommendations based on much 
fuller information than any that is available at the present time. 


There are three points in Mr. Vogel’s paper that are discussed 
in the following: 

1. The statement that the average time lag curve of the major 
insulation of transformers is the same whether for positive or 
negative waves is not only not in agreement with the claims made 
by Messrs. Montsinger, Lloyd and Clem, but the data that 
Mr. Vogel furnishes are most certainly not conclusive or ade- 
quate to back up the claim. If the points presented in Fig. 9 
give all the data, it certainly is far from conclusive as to variation 
of breakdown between plus or minus waves. 

2. The claim, that coordination based upon present A.I.E.E. 
60-cycle tests at operating voltages of 34.5 kv and above shows 
that the 60-cycle test requirements are satisfactory for coordi- 
nation purposes, is contrary to experience cited before the Insti- 
tute on several occasions, in which it was shown that equipment 
so insulated gave unsatisfactory operating results both with and 
without lightning arresters, and regardless of whether any co- 
ordinating gaps were present or not. It would seem as if great 
care ought to be taken in this regard before arriving at any 
definite conclusions. 

3. A recommendation is made that a gap used should be pro- 
tected by lightning arresters to obtain continuity of service. 
There is, of course, nothing new in this recommendation, this 
having been made many years ago. Here again, however, it 
ought to be pointed out that much data have been cited before 
the Institute in which attempts were made to prove the economic 
justification of lightning arresters, and that so far no data have 
been obtained that would justify it one way or the other. 

Referring to Messrs. Montsinger, Lloyd and Clem’s paper, the 
following points definitely call for comment: 

1. The claim is made’ that nothing is gained by increasing the 
flashover of any part of the station equipment over that of any 
other part of the station. It would be very difficult for those 
familiar with the havoe wrought in a station or substation, upon 
occurrence of a short circuit of the bus itself, to agree with the 
authors. Further, if by the expenditure of a very modest sum, 
a short cireuit can be kept away from the bus proper, then such an 
expenditure will be found economically worth while and will 
invariably be made. 

2. It is stated that experience indicates that with modern 
arresters, gap flashovers are of rare occurrence. So far as I am 
aware, no such experience has been cited to the Institute or in 
any publication. It might be well for the authors to cite specific 
experience as a basis for their conclusions. 

3. The claim is made that a cable itself is more or less a pro- 
tective device. It would be interesting if the authors would fur- 
nish some information as to the length of cable necessary before 
the cable can really become a protective device, and whether in 
their opinion lengths of that order make it an economical pro- 
tective device. 

4. In Table V there is given a series of six different combina- 
tions of rod gaps, sphere gaps, lightning arresters, and capacitors 
for the protection against traveling waves. I would like to sug- 
gest to the authors a seventh combination in which no lightning 
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arresters, capacitors, or gaps of any kind are employed, but in 
which a proper amount of insulation, possibly more than that 
required by A.I.E.K. standards, is used, where the only protective 
feature taken advantage of is the flashover characteristic of the 
bushing, that is, the protection the bushing gives the transformer 
as a protective gap. , This particular combination has been 
employed a great many years and has worked very successfully 
and economically. 

5. The recommendations with regard to gap. spacing as a 
means of coordination have again the weakness in them pointed 
out several times before, and that is, since the insulation strength 
is a matter of volts and time, it might be well to coordinate in 
those terms. There does not appear to be any real reason why a 
primary unit like a volt should be shied at. A great deal of 
clarification of the entire problem ought to result if insulation 
strengths for any voltage are expressed in volts. The advantages 
claimed for the gap, based upon the fact that it will simplify the 
problem of coordination among the manufacturers, until such 
time as the various laboratories can iron out their differences, will 
disappear if the laboratories will agree upon and follow the recom- 
mendations with regard to insulation testing made by the 
Lightning and Insulator Subcommittee. Representatives of at 
least 4 laboratories have agreed that the procedure reeommended 
is very practical and can be followed with advantage by all. 

F. J. Vogel: In the paper by Messrs. Montsinger, Lloyd and 
Clem, there are many points of interest, and it is desired to 
emphasize some of those of greatest practical importance. 

It is interesting to see that the authors have found that solid 
insulations have similar volt-time characteristics as the combina- 
tion of fullerboard and oil ducts which they tested. I have found 
this likewise to be true except for the impulse ratio. As an exam- 
ple of this, I would cite the case of varnished cambric tape, as in 
cable insulation. For such a condition, a certain thickness has a 
one-minute strength of 100 kv, rms, or 141-kv crest. Its mini- 
mum surge strength is 230 kv, giving an impulse ratio of 1.63. 
This fact that different solid materials have quite different 
dielectric strengths is another reason why surge tests are essen- 
tial to prove that transformers have the surge strength required 
regardless of their 60-cycle strength. 

In Fig. 2, we find that the sphere gap has appreciable time lag 
characteristics, and we are glad that the authors have not only 
been able to determine that it exists, as we have previously, but 
to measure it and provide an accurate time lag curve. It is pre- 
sumed that the voltage measurements were made quantitatively 
by sphere gap, since that is the Pittsfield standard of measure- 
ment. However, if the standard sphere gap also has a time lag, 
how can one be sure as to the accuracy of the measurements? 
If a divider is relied upon, I can well appreciate the care necessary 
to measure the time and voltage at such short lags, as a divider 
to serve this purpose must have a very high degree of fidelity. 
It is a pleasure, nevertheless, to see the authors’ agreement with 
data taken by my associates in so far as the general shape of the 
eurve for insulation in oil is concerned. However, it is to be 
noted that the data have been obtained from a single type of 
barrier not representative of high voltage transformer construc- 
tion, and upon a relatively thin one. It appears therefore to me 
a bit rash to draw conclusions as to the relative positions at very 
short time lags of the various elements for all constructions and 
voltage classes. It similarly appears rash from a single series of 
tests and possibly random values on a few sample coil stacks to 
arrive at an impulse factor of 2.35. In other tests, values that 
high have been found, but to be conservative, the lowest values 
should be given the most weight. 

Fig. 3 shows a generalized curve, but caution should be used 
in its application inasmuch as these relationships are different 
for the different voltage classes. Nevertheless, we agree that 
extremely high, short surge tests are most severe, as was brought 
out in Mr. Putman’s paper? at the winter convention in 1932. At 
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that time Mr. Palueff thought this not very severe due to the 
extremely short duration of the surge. 

There is a limit for the short-time protection of any trans- 
former, and therefore perfect coordination for direct strokes of 
lightning is perhaps not possible. Mathematically, from the 
shape of the curves, for shorter and shorter time lags, the impulse 
ratios of all elements approach infinity, and infinity over infinity 
is rather an indeterminate ratio to use to determine a factor of 
safety. In simple language, this means that ground wire pro- 
tection should be provided over stations and adjacent lines to 
furnish protection from direct strokes if they are feared. 

The point has been missed in discussing the use of sphere gap 
characteristics for protection, that the lightning arrester is a 
factor. The best combination is a protective gap which is just 
protected by the arrester. At least for autovalve arresters, the 
plain sphere gap is the best arrangement without the addition of 
point gaps. Suitable characteristics are obtained from the Torok 
tube, multiple spheres in series and other electrode arrangements, 
so that either the added protection or a further degree of economy 
could be obtained if any station designer saw fit to require it. 
From Table IV, it is seen that the ordinary sphere gap is rather 
impractical due to its size. 

From Table V, it might be inferred that the use of the sphere 
gap as a protective means made the transformer proof against 
direct stroke. I fear this is somewhat optimistic, since in the 
extremely short surge given to the transformer, described in Mr. 
Putman’s paper of last year, simultaneous flashover of bushing, 
64-inch gap and sphere gap set at 2,000,000 volts occurred. It 
seems to us to be a little uncertain that protection against direct 
strokes can be obtained on such meager data, even though it is 
fairly safe to gamble on due to the rarity of such an occurrence. 

The terms ‘‘outdoor’”’ and ‘‘indoor’’ seem less expressive than 
“exposed” and ‘‘unexposed”’ to lightning surges. It is true that 
much apparatus commonly inside substations has not been 
insulated up to the standard for outdoor apparatus, as it was not 
considered to be exposed to the surges entering from outside 
lines. I doubt if it is safe to set up levels for unexposed apparatus 
at this time, but it might be desirable to set up such limits for 
instrument transformers and the like. 

In the paper the value of 4 inches is proposed for 13,800 volts 
instead of 414; as approved by the Transformer Subcommittee. 
Is this an error? 


Referring to Fig. 4, the purpose of curve D is not clearly given. 
It is understood that curve C is proposed as a standard level for all 
bushings in the future. If this understanding is correct, this 
would seem to be in agreement with the proposal in my paper. 
In this paper, 10 per cent is given as a proposed value but it is 
realized that very close limits are difficult to obtain and the 15 
per cent figure given seems reasonable. The author, however, 
does not state the purpose of the special bushings for power 
transformers, 

It is believed that curve D is given for two purposes: first, to 
state a belief in the desirability of a larger factor of safety on 
large units, and second, to reflect past practise. The writer does 
not quite see the justification for curve D on the basis of an in- 
ereased factor of safety for the power transformers, since smaller 
transformers may be connected to the same circuits, not to men- 
tion instrument transformers and rotating apparatus. Therefore 
it does not seem to us justifiable to maintain a higher factor of 
safety for any one class of apparatus. 


Practises with different manufacturers with regard to the levels 
used in the past have varied, although it is not questioned that 
most power transformer bushings have been at a level approxi- 
mately that of the special bushings for power transformers given. 
It should be noted that transformers coordinated with these 
bushings should have windings insulated in excess of the standard 
tests. It is our belief that it would be desirable to lower these 
values for future design except as specifically requested to the 
contrary for any given installation. If additional creepage sur- 


PROTECTION OF ROTATING AC- MACHINES 


447 


face is required on account of dirt or other operating conditions, 
it would be recommended that the bushings be gapped to the 
lower level. 


It has been suggested that all bushings should be made over- 
size so that they can be gapped. By this procedure, the atmos- 
pherie corrections in surge testing can be taken care of by in- 
creasing the length of the test gap to suit, and bushings made to 
give the exact performance desired. It is not believed that this 
is a reasonable proposition, because of the following: first, at- 
mospherie corrections can be made by correcting the surge 
voltage applied; second, it would result in an increase in size of 
the higher voltage bushings as well as the lower; third, many 
operators believe that bushing gaps are unsatisfactory. 


V. M. Montsinger: Mr. Vogel’s work confirms a claim which 
I have made during the past 5 or 6 years namely, that the 60- 
eycle strength of insulation (major insulation in a transformer) 
bears a definite relation to the impulse strength. In other words, 
the 60-cyele strength at any given point within a transformer 
winding is a rough measure of the impulse strength or vice versa. 
It should be kept in mind, however, that this definite relation- 
ship applies only to the major insulations; that is, to the insula- 
tions between two different windings or from a winding to ground, 
unless the impulse voltage distribution is kept uniform and in 
the same order of proportion from ground throughout the wind- 
ing as the 60-cycle distribution. Thus in a winding which is 
perfectly shielded, the induced voltage test will equally well 
demonstrate its ability to withstand a given impulse voltage, 
For an unshielded winding the ratio of low frequency to impulse 
strength must be confined to the major insulation adjacent to 
the terminals. 


The value of the impulse ratio of 2.2 checks quite closely the 
value of 2.35 given in our paper on “‘Coordination of Insulation.” 
I have used 2.35 since 1927. Some of this difference of 7 per cent 
ean be ascribed, no doubt, to the fact that Mr. Vogel’s impulse 
kilovolt values are slightly lower than Pittsfield values. An easy 
rule to remember is that the major insulation impulse strength is 
3.1 or 3.3 times the 60-cycle kv effective strength, depending on 
which impulse ratio value is used. 

With reference to the statement in the paper that the insulation 
time-lag curve is nearest the point gap time-lag curve at 2 micro- 
seconds the results of my tests in Fig. 2 and Table III of the 
paper on Coordination of Insulation show that the insulation 
curve will cross the gap curve for short waves in the order of 34 
to 0.8 see and remain below for all shorter waves, assuming that 
the insulation strength is 10 per cent above the gap strength at 
approximately 2 psec. Whether or not these curves cross is 
rather difficult to determine merely by comparing volt-time 
curves, due‘to the fact that the insulation test points are quite 
seattered—some points even indicating that the curves may not 
cross. The fact that they do cross, however, can definitely be 
demonstrated by making tests on insulation and a gap in parallel, 
which tests show that to give equal protection to the insulation 
the gap spacing must continually be decreased as the impulse 
front wave becomes steeper and steeper. This is well illustrated 
in Table III, which shows that while a 20.5-in. gap represents the 
impulse breakdown of a given insulation barrier for a full 114-40 
wave, a 10.5-in. gap represents the barrier strength when apply- 
ing 3.5 times the minimum wave necessary to flash over the 20.5- 
in. gap. With 5 times the applied voltage and with a very steep 
front (zero resistance in series with generator) the equivalent 
gap was only 6.25 in. This seems to establish beyond any doubt 
the fact that unless there is a very large margin between the 
insulation strength and gap strength for the full wave flashover 
of the gap, the curves will cross for very short waves. 

In connection with the proposal to increase the 60-cyele test 
on transformers of 23-kv rating and below I agree that these test 
values should be increased because practise has demanded more 
insulation than the test indicated. I do not agree, however, to 
the exact values that Mr. Vogel proposes because with a slight 
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modification the test values ean be expressed by a simple formula 
expressed in terms of the rated circuit voltage. Furthermore, the 
values derived in the same manner and based on Pittsfield impulse 
flashover of the proposed gaps are somewhat different being 20.3, 
27.3, 35.7 and 51 kv instead of 21.6, 29.2, 37 and 48.5 kv as de- 
rived by Mr. Vogel. This question should be referred to the 
Transformer Subcommittee. 

Edward Beck: This discussion pertains to the paper by 
Messrs. Montsinger, Lloyd and Clem. 

The writer is in hearty agreement with the authors’ remarks 
regarding the undesirability of more than one insulation level 
for apparatus in a station: The logical coordination is believed 
to be the establishment of a reliable coordinating level by means 
of lightning arresters or gaps located at several points if necessary. 
If the station insulation is then set at some level above this with 
adequate margin, coordination is secured. The pyramiding of 
insulations in a station operates against standardization, in- 
creases cost, and appears to be unwarranted if a reliable low level 
is established. 

The coordinating gap is not a protective device as it usually is 
thought of, for its operation is closely allied to a flashover. 
Although the gap prevents flashover of insulation of greater 
strength than itself, nearby, its operation produces outages. The 
modern lightning arrester operates without these outages. In the 
laboratory a lightning arrester in parallel with a coordinating gap 
of the same voltage class protects it against flashover, and service 
experience has indicated that the probability of a gap operation 
in parallel with an arrester isremote. It is characteristic of valve 
arresters that they will attempt to drain as much surge current 
as is necessary to limit the voltage across the arrester terminals. 

The authors recommend the use of gap combinations which 
will furnish a coordinating device with flatter impulse character- 
istics than those now recommended. We would point out that 
the modern valve type arrester possesses to a considerable degree 
these desirable characteristics and appears, therefore, a desirable 
medium for coordination. Discussions of insulation coordina- 
tion should not leave the lightning arrester out of the picture. 
In order to obtain a flat gap the authors propose the use of rod 
gaps and sphere gaps in parallel or of combinations with capaci- 
tors. Why go to such complications? The sphere gaps must be 
protected from the weather if they are to maintain their charac- 
teristics. A gap of this type for a 138-kv class circuit for instance, 
would be no small matter, as will appear from Table IV of the 
paper. If gaps of flat characteristics are demanded in addition to 
the lightning arrester, it would appear to the writer more practical 
to use gaps of the type patented by Alleutt some years ago and 
used on Westinghouse electrolytic arresters, or other gaps de- 
signed to have flat characteristics which do not demand the space 
required by sphere gaps and are not subject to the damage which 
a sphere gap suffers when it flashes over. Experiments indicate 
that gaps with these characteristics can be built if they are found 
necessary. 

The authors propose the use of gaps as measuring standards. 
It is the writer’s opinion that this is not desirable. A behavior 
of gaps is dependent on numerous external factors which may 
vary from time to time and vary between laboratories. We 
believe that an attempt to use a gap as a standard will cause more 
complications than already exist in the coordination programs. 
The use of gaps in comparing the performance of devices whose 
characteristics are as radically different as the flashover of an 
insulator and the terminal voltage across a lightning arrester 
would be unsound. 

It is our opinion that coordination should be based on kilo- 
volt measured by means of the cathode ray oscillograph, which 
in the hands of competent operators is more reliable than mea- 
surements made by means of gaps that are likely to be affected 
by many factors difficult to control. The difficulties which had 
to be wrestled with in attempts to study the performance 
characteristics of lightning arresters before the DuFour cathode 
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ray oscillograph was introduced into this country by Messrs. 
Goodwin and McEKachron are easily recalled from memory. 
Let us not go backwards. If there is disagreement between 
laboratories, let these be ironed out rather than seek a temporary 
expedient in gaps. 

F. D. Fielder: The paper by Messrs. Montsinger, Lloyd and 
Clem is discussed from a laboratory standpoint, since similar 
data have been secured at our Trafford Laboratory. It is note- 
worthy that much of the data are substantially in agreement, 
although there are certain cases where the discrepancies are 
large. 

The determination of precise humidity correction factors for 
surge tests is difficult because of the many variables that must 
constantly be under control. At Trafford a room with special 
humidity control is employed for these tests. The majority of 
points are obtained at a constant temperature of about 100 deg F 
with an absolute humidity range from 2 to 15 grains per cubic 
foot; these are also checked at low humidities at normal room 
temperatures. These tests have indicated slightly different 
humidity correction factors for suspension insulators and air 
gaps, as indicated in the following table: 


MINIMUM SURGE FLASHOVER VALUES: POSITIVE WAVES 
Variation in per cent of the standard (6.5 grains) voltages 


ADDAaratlisian neces ees 1-5 microsecond waves .1.5-40 microsecond waves 
TNSulators:-.. aster 1.0% per grains/cu ft. ..1.8% per grains/cu ft 
Standard gaps..........1.2% per grains/cuft...2.4% per grains/cu ft 
Values from ‘‘Coordina- 

tion of Insulation”’.. ..1.25% per grains/cu ft. . 2.33 % per grains/cu ft 


The insulator values in the above table are averages from 1 to 
10 grains per cubic foot, the usual testing range, in which the 
variation with humidity appears to be uniform. Although these 
differences are negligible compared to the present variation in 
some of the reported surge values, they might become appreciable 
in certain cases of close coordination. It seems evident that the 
data given in Figs. 7 and 9 are insufficient to warrant any but 
general approximations to the humidity correction factors. In 
Fig. 7, for the 0.5-5 microsecond waves at least, horizontal lines 
will fit the points fully as well as those shown. More complete 
and more significant data are required for the determination of 
correction factors. 

The question is raised as to whether any check has been made 
on negative wave correction factors; since the flashover data in 
other curves of the paper are corrected to standard conditions, 
it appears that the same correction factors were used. A study 
of negative wave humidity correction factors has been scheduled 
at the Trafford Laboratory. 

From Table VI of the paper, the conclusion is drawn that rain 
has little influence on surge values. This table is misleading and 
the conclusions are inaccurate because the water temperature for 
the test was so low. For the air gap the voltages average lower 
than for standard conditions, mainly because the absolute 
humidity was lower than standard. (Saturated air at 45 deg F 
is equivalent to 3.4 grains per cubic foot.) The other factor 
influencing the flashover value is the relative air density, which 
in the case given causes flashovers higher than normal because of 
the low temperature. If warmer water were used in these tests, 
approximating normal thunderstorm ¢Gonditions more closely, 
it would be found that the air gap flashover values would increase 
fairly in line with the absolute humidity. Insulators, on the 
other hand, appear to have lower flashover values with rain, 
whether the water is cold or warm. It is these conflicting trends 
which occur simply as a result of normal rainfall that make 
coordination within close limits somewhat difficult. Fortunately 
the effects of humidity, and to a certain extent of relative air 
density, become less pronounced with either short time lags or 
with waves with short tails. 
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The authors of the paper have persistently reeommended the 
use of the sphere gap for measuring impulse voltages, and have 
presented much data secured in this manner. It is not ap- 
parent, nor hardly possible, that their time lag curves as shown 
in Fig. 2 could be obtained in this manner. Rather, the time lag 
curve shown in Fig. 2 for a sphere gap offers convincing evidence 
against the use of sphere gaps for the measurement of surge 
voltages. 

We do not recommend sphere gaps for measuring surge 
voltages, but instead the cathode ray oscillograph. In the first 
place, the sphere gap alone shows nothing but the crest value of 
the wave, while the oscillograph shows the whole: the rate of 
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rise, the crest value, the rate of fall, and the time lag. In the 
second place, the sphere gap is misleading, often incorrect, unless 
used in conjunction with an oscillograph, for the wave shape is 
of great importance. Before satisfactory results are possible 
with sphere gaps, it is first necessary to secure and prove accuracy 
of the oscillograph and divider system for the waves used, for 
otherwise the actual wave shapes are unknown. Since the oscillo- 
graph must be proved accurate before sphere gaps are employed, 
its use might as well be continued. In the third place, many of 
the sphere gap calibration curves are calculated or taken from 
60-cycle curves and have not been proved experimentally correct 
for surge tests. Before sphere gaps should be used for general 
surge measurements they should carefully be calibrated with 
surges by acceptable test methods. 

A. C. Monteith: The paper by Messrs. Montsinger, Lloyd 
and Clem accepts standards equivalent to those of the Lightning 
and Insulator Subcommittee for humidity; namely, 6.5 grains per 
cubic foot. .The Westinghouse Company has been using this as 
standard in coordination work also, but some data recently ob- 
tained from the United States Weather Bureau indicate that 
previous to and during a storm absolute humidities as high as 
9.5 grains have been recorded. Since the flashover of gaps, 
insulators, and bushings increase with humidity and transformer 
insulation is not affected by change in humidity it would appear 
from these data that the flashover should be considered at 9.5 
grains for substation coordination work. The data obtained from 
the Weather Bureau also indicate minimum absolute humidities 
of 6.2 grains for eight storms tabulated. Where conservativeness 
in flashover values is desired, such as for lime design, it is believed 
that 6.5 grains is a good value to use. 

The authors have suggested the use of equivalent point gap 
spacings to express the impulse strength of various insulating 
structures, on the basis that this would eliminate corrections for 
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humidity and air density and simplify the coordination problem. 
They have suggested an average gap spacing for the different 
waves to express insulator impulse strengths with a spread of 
10 per cent in the lengths of gaps obtained. It is believed that 
this is complicated and for insulators, making use of average gap 
lengths, it is subject to differences of the same order of magnitude 
as actual kilovolt values obtained from different laboratories. 

Test results on point gaps and insulators obtained from West- 
inghouse Laboratories as compared to the data presented by the 
authors, are shown in Fig. 1 for the 114-40 wave and Fig. 2 for 
the 144-5 wave or 1-5 wave. It is seen that there is very close 
agreement with the 1144-40 wave while with the shorter wave, 
differences as great as 24 per cent exist. On insulators the 
differences are 11 to 17.8 per cent for the numbers of units shown. 
Equivalent gap lengths for expressing impulse strength of 
standard suspension insulators are shown in Fig. 3. It is seen 
that the spread in results from the two laboratories for gaps 
established at 6.5 grains is from 18.6 per cent to 10 per cent. 
The Westinghouse tests for humidity correction on medium and 
long gaps and insulator strings indicate that there is 0.6 per cent 
per grain higher correction for gaps than for insulators, in the 
range encountered in testing. If equivalent gaps are established 
in one laboratory at 1.5 grains and in the other at 6.5 grains (a 
possible range in testing conditions) an additional spread of 3 
per cent would be introduced. These errors are as great as shown 
in Fig. 2. 

Even using different gap lengths for different waves would 
introduce differences of larger magnitude than exist in kilovolt 
results based on the 1144-40 wave and differences at short string 
lengths approaching those of Fig. 2, for the 1/5 wave. 
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When all insulating structures used in a substation design, 
together with protective equipment are considered, the coordina- 
tion becomes more complicated and more so if equivalent gaps are 
used. Fig. 4 shows relative volt-time curves for different types 
of apparatus in the substation. It is evident from an inspection 
of the gap curve compared to the others that when 10 per cent 
steps are considered for coordination purposes that an average 
gap could only be used for insulators. The complete picture for 
each piece of equipment would only be given by a gap length for 
each wave or time lag. If, as suggested by the authors, a voltage 
eurve were established at the present time for the coordinating 
gap, the curves of Figs. 1 and 2 would be given by the two lal ra- 
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tories considered, with differences as high as 24 per cent. The 
only way the station designers could coordinate the various 
insulating and protective devices from different manufacturers 
would be to use a consistent base curve. The curve from either 
laboratory could be correct but the flashover level might be 
misleading if the wrong one were selected. Even if a consistent 
base curve were used with a gap length for each wave, still 
differences of 15 per cent could exist on insulators and there is no 
reason to believe that the differences for other apparatus would 
be less. Tests would establish the last point but it would be 
expensive and a burden to the laboratories with already heavy 
schedules, the personnel of which is spending all its available 
time trying to reconcile fundamental differences in measurements. 
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Tt would appear better to recognize that there are laboratory 
differences, as has been done in the past, and until they can be 
eliminated compare the results from the different laboratories, 
put in a correction to put them on a common basis and coordinate 
with kilovolt values which the authors agree is the most desirable 
and fundamental. This still would be subject to the criticism 
of not knowing definitely what the flashover level was but it 
would allow using a yardstick which was a familiar engineering 
measurement. It would eliminate inaccuracies of different gap 
lengths from manufacturers for the same equipment on the same 
wave. 

(Iti is believed therefore that better results would be obtained 
by using corrections in kilovolt values. Gaps, it is believed, 
would complicate a subject already becoming involved and would 
result in differences due to varying test conditions. 

0k. B. McEachron: The writer pointed out in a discussion? of 
the paper by Montsinger and Dann, presented at the summer con- 
vention in 1930, that the use of a single gap was the best method 
of establishing a level of insulation, becausé such a gap could be 
protected by a lightning arrester near by, thus preventing inter- 
ruptions to service. It was also pointed out that such a gap 
should be weleomed by the manufacturers and users of lightning 
arresters, as it gave a measure of both the arresters’ performance 
and the strength of the transformer in service. 

Subsequent experience has borne out the position taken in 1930 
and today the principle of coordination is laid down along the 
lines above indicated. However, the problem does not appear 
today to be completely solved by the use of the simple rod or 
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point gap as a coordination gap. It is shown in the Montsinger, 
Lloyd and Clem paper that insulation as used in the transformer 
does not exhibit the degree of time lag in its breakdown which is 
shown by oil or air. Thus it is not permissible to protect such 
insulation by a lightning arrester which has high time lag in its 
breakdown, if steep waves as from direct strokes are to be allowed 
to reach the installation. This illustrates one of the important 
advantages of the thyrite station arrester whose compensated 
gap has a flat breakdown characteristic. 

In establishing the coordination gap it is desirable to use a gap 
having volt-time characteristics parallel with the insulation 
failure curve. The paper explains how this may be done, ap- 
proximately by the use of the sphere gap in parallel with the rod 
gap. Although the setting of the rod gap, used alone, can be 
decreased until the proper ratio to transformer strength is se- 
cured for the steepest waves as with direct strokes, yet such a 
method reduces the 60-cycle and slow impulse flashover in like 
proportion which reduces the margin between the arrester and 
the gap unnecessarily. Since by far the great majority of dis- 
turbanees reaching the arrester are not direct strokes close to the 
station, any unnecessary reduction of margin between the ar- 
rester and the gap should be avoided. 

It is important to make clear that the volt-time characteristic 
of the arrester and the insulation should substantially be parallel 
at all wave fronts. The coordination gap should have a volt-time 
characteristic parallel to that of the insulation thus retaining the 
highest practical value for slow waves. With such a coordination 
the arrester will always protect the gap and the gap will always 
bear a correct relation to the strength of the transformer. Thus 
the transformer is protected and outages avoided. 

Arresters are not designed to withstand direct strokes of the 
greatest possible magnitude, but they will perform properly at 
currents which correspond to the weaker direct strokes. The use 
of a gap having the matched characteristic mentioned before 
would act to make the combination of arrester and gap safe for 
all kinds of direct strokes, although an outage might occur if the 
gap should function. 

With extremely steep waves short distances may account for 
considerable voltages which is a fact requiring consideration. 
If 5,000 kv per microsecond is taken as typical of severe direct 
strokes then a potential of 5 kv per foot of conductor will be 
found, which may be doubled if reflections can occur. Thus if a 
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gap is set for a potential of 500 kv less than the flashover of a 
bushing a distance of only 100 ft would be required to allow 
flashover of the bushing. This distance would be reduced to but 
50 ft if a reflection to double potential took place. 

It is not difficult to see, therefore, that large stations covering 
considerable territory cannot properly be coordinated with 
respect to direct strokes unless the gaps are relatively close to 
the transformers and the arresters must also be close by. It is 
better in case considerable distances are involved to keep the 
direct strokes off the station by overhead shielding conductors. 
If the overhead ground wires are extended out from the station 
so that the incoming front is sloped the potential per foot of 
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conductor is decreased and distance between the transformer and 
the protective equipment becomes of less importance. 


The following is a discussion of the paper by Messrs. Rudge, 
Wieseman and Lewis: 


It has been proposed that lightning arresters or their equiva- 
lent might be used between the neutral of the Y-connected 
generator and ground for preventing reflections at the neutral. 
If reflections at the neutral could be prevented, arresters at the 
terminals of the machine could, according to the paper, hold the 
voltage to a value of 2.12# and protect the major insulation suc- 
cessfully. To do this, however, requires that there be no positive 
reflection at the neutral. This means that the neutral must either 
be grounded through a resistance equal or less than the combined 
surge impedance of the windings discharging into the neutral 
ground resistance or it must be a capacitor of sufficient capaci- 
tance to prevent its being charged to a potential equal to the 
strength of the winding for any length wave which the generator 
may receive from its connected circuits. 


On account of telephone interference the use of capacitance 
in the neutral does not appear to be a satisfactory solution to this 
problem. Because of the fact that during a fault in which one 
phase may be grounded it is necessary that a neutral resistor, if 
used, have sufficient current carrying capacity to prevent its 
failure during the time such a fault may exist. On account of 
circulating current and for other reasons it usually is undesirable 
to ground more than one generator in a station even if grounded 
through a resistance equal to the surge impedance of the windings 
of the machine. 


On account of the possibility of faults occurring on one phase 
and.also to avoid the operation of the generator with neutrals 
continuously grounded, the use of a material like thyrite has 
been suggested as a neutral resistor. However, any material 
having characteristics like thyrite is not suitable, for the follow- 
ing reason: 

The dimensions of the thyrite would be so arranged as to pro- 
vide a resistance equal to the surge impedance when the current 
flowing to ground was equal to the traveling wave currents 
expected through the machine. For all other currents less than 
this the resistance would be greater than the surge impedance of 
the machine and a positive reflection would take place. A light- 
ning arrester connected in the neutral would perform in a similar 
manner in that up to the time that the arrester began to function 
a positive reflection would take place, which when reflected back 
through the windings toward the terminals of the machine would 
superimpose on the increasing voltage of the tail of the wave so 
that the potential somewhere between the line terminal and the 
neutral would exceed the strength of the machine. 


This is well illustrated by an example; assuming that the 
terminal arrester holds the voltage to 2.12# and that the neutral 
arrester is so designed that it holds the voltage to H, a wave 
entering the machine having a front sloped as required to prevent 
turn stresses would have its erest voltage limited to 2.12H. When 
the beginning of the wave reached the neutral arrester it would 
reflect just as though no arrester were present until a voltage of 
146E in the traveling wave had been reached, which would be 
sufficient to cause the arrester to go into operation. If the ar- 
rester’s resistance were less than the surge impedance no further 
refiection in the positive direction would take place. However, 
the original wave up to 44E allowed by the arrester would travel 
back through the windings of the machine and add to the in- 
coming wave of 2.12Z, allowing a value of 2.62H to be impressed 
on the major insulation of the machine. 
machine beyond its strength. 

Calculations indicate that any device connected in the neutral 
which is connected into circuit through the operation of a gap 
would impose severe turn stresses on the machine at the neutral 
because of the sudden decrease in potential when such a gap 
sparked over. 
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The best method, therefore, of preventing reflections at the 
neutral in the light of present knowledge appears to be the use of 
a capacitor connected at the terminal of the machine having 
sufficient capacitance so that the wave is sloped sufficiently to 
prevent the application of voltages higher than the machine 
strength as the result of neutral reflection. 

Kk. D. Treanor: The papers by Messrs. Montsinger, Clem and 
Lloyd, and Mr. Vogel present much more fully than has hitherto 
been done the behavior of insulation and rod gaps with reference 
to waves of different shapes and magnitudes. Messrs. Mont- 
singer, Clem and Lloyd’s paper particularly shows the unfortu- 
nate characteristics of simple rod gaps in the short-time range for 
use as measuring or coordinating devices. The great advantages of 
the rod gap for such purposes are its simplicity and ease of 
duplication, and these advantages may make it difficult to im- 
prove on the rod gap for these purposes. 

However, the failure of the rod gap characteristic curve to 
parallel the corresponding insulation breakdown curve raises the 
question as to whether the Transformer Subcommittee’s tenta- 
tive recommendations for impulse testing require modification 
by the addition of a test wave of steeper front than the 144-40 
wave already suggested, or if only one wave is desirable, whether 
it should be of a very steep front or be a compromise between the 
proposed standard and a wave in the region of very short fronts. 

This difficulty of making choice of one or more test waves 
which would satisfactorily demonstrate the strength of the trans- 
former would largely be obviated by the use of a gap with ap- 
proximately level characteristics, such as the combination of rod 
and sphere gaps described by Messrs. Montsinger, Clem and 
Lloyd. This is only one form of gap with such characteristics. 
Others are, at least, theoretically available. With such a gap, the 
problem so far as testing goes is very much simplified. Any con- 
venient wave in the range that has been explored would be 
satisfactory and its standardization could be based on con- 
venience to produce, ease and certainty of measurement, ete. 
The effect on the internal insulation of transformers of steeper 
wave fronts would have to be considered, but so far as the major 
insulation is concerned, the variation in magnitude of total stress 
will be much reduced. ; 

Of even greater importance would be such characteristics in 
gaps used as coordinating devices to insure that a proper margin 
would be maintained in service between apparatus of a given 
strength and waves which can reach the apparatus over the lines. 
While a number of waves having fronts of an order to make rod 
gaps with recommended settings ineffective and maintaining this 
satisfactory margin may be, and probably is, very small, the 
question of reducing rod gap settings so that they will provide a 
proper margin against waves of the order of direct strokes has 
already been raised. While it may be some time before we have 
precise knowledge of the characteristics of direct strokes, there 
are some indications that the rate of rise may not be very much 
more severe than the waves now capable of production in the 
laboratory. 

If a simple rod gap be reduced in setting far enough to leave a 
margin against even these steepest artificial waves, its use would 
be hampered by the resulting numerous flashovers from long 
waves of slow front and low magnitude or even switching surges. 

Such use of rod gaps with low settings has been suggested. A 
gap with flat characteristics under similar conditions would 
determine coordination under practically all waves and facilitate 
the use of arresters having similar flat characteristics. 


J. K. Hodnette: Messrs. Harding and Sprague have pre- 
sented data based on laboratory tests to support the conclusion 
that the interconnection of lightning arrester and distribution 
service grounds results in improved protection of distribution 
transformers from lightning over the standard method of con- 
necting the arresters between the primary leads and earth. This 
subject was discussed at length at the 1932 winter convention and 
has now generally been accepted. It limits the surge voltage 
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between the primary terminals and the secondary neutral which 
for modern transformers is much less than the insulation strength 
of the windings. ; 

The interconnection, however, cannot be made universally 
but is limited in its application. The surge current is discharged 
through the neutral service grounds, so that the interconnection 
cannot be made where the neutral is not grounded. It is not 
applicable to three-phase installations having delta-connected 
secondaries for supplying three-phase or motor loads for to do so 
would subject the connected apparatus to excessive surge 
voltages. 


Where the transformer tank and core remain at some inter- 
mediate potential between that of the primary and secondary 
windings during the discharge of the surge current the trans- 
formers will be protected, although the potential of both the 
primary and secondary winding may rise to a high value above 
ground. However, if the tank is free to acquire some different 
potential, particularly in the case of an accidental ground main- 
taining the tank at or near ground potential, the difference in 
potential may become excessive and a flashover of one of the 
windings result. The same is true for transformers mounted on 
metal or conducting poles unless precautions are taken to con- 
nect the tank and the arrester and service grounds together. 
Therefore, in order to insure complete protection, it is necessary 
to take the tank into consideration and properly to coordinate 
or limit the potential between the tank and windings. 


The interconnection between the lightning arrester and 
secondary service grounds should be limited to cases where there 
is a number of dependable service grounds of low resistance 
connected in parallel. It is not recommended where the ground 
resistances are high. This is emphasized by the fact that past 
experience has indicated that lightning arresters occasionally 
become leaky or short circuit, and if such arresters are inter- 


connected with the secondary service grounds, primary current’ 


will flow to ground over the secondary service conductors. If 
the ground resistance is not low to start with, it may materially be 
increased through the drying out effect of the leakage current 
with the result that primary potential will be impressed on the 
secondary service lines for a considerable period of time or until 
the circuit is interrupted. In case the arrester is connected on 
the line side of the transformer fuse, the current will continue to 
flow until the feeder breaker is opened. 

As a safety measure the lightning arrester should always be 
connected between the fuse and the transformer where the inter- 
connection is used. 

The flow of dynamic leakage current can be prevented by 
interposing a gap insulated for primary voltage between the 
lightning arrester ground connector and the secondary neutral, 
and without affecting the efficiency of the protection against 
lightning. 

A. M. Opsahl: The writer believes that Messrs. Harding and 
Sprague have been mislead in one of their conclusions. They 
state that the voltage on the primary neutral as illustrated in 
Fig. 9p is due to a failure in the primary winding. This is not 
necessarily true. There is no discontinuity in the voltage wave 
to show a spark in such a failure. The voltage impressed on the 
primary phase wire is represented in Fig. 4. This surge after 
being transmitted through the primary winding to the primary 
neutral would have the modified shape shown in Fig. 7 with the 
somewhat higher voltage due to reflection. These values are 
determined by the effective transformer primary reactance and 
capacitance. The authors do not state the kva ratings of the 
transformers used. If a load such as the neutral line wire, or an 
equivalent 250 or 500 ohms to ground were connected to H» the 
voltage from H, to ground would be greatly modified. A seecond- 
ary load will have an effect in decreasing the effective primary 
reactance. 

C. L. Fortescue: The following is a discussion of the paper 
by Messrs. Harding and Sprague: 
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The results of the lightning investigations carried out by two 
of the leading manufacturers jointly with some of the electrical 
utilities during the past five or six years has given the electrical 
industry a vast amount of data on lightning and surges on trans- 
mission and distribution lines due to lightning. The technical 
analysis of these data has reached a state of development such 
that the performance of high-voltage transmission lines when sub- 
jected to direct strokes of lightning can be predicted with a 
reasonable degree of accuracy. New transmission lines designed 
and constructed according to principles deduced from the analysis 
of these data have been built and their performance has more 
than come up to the expectation of their promoters. The over- 
head ground-wire protection for the line has been extended to 
substations and with the advances made in the art as a result of 
these investigations, for a well protected high-voltage system, 
the likelihood of surges of extreme steepness and crest value 
entering the substation has been reduced to a negligible quantity. 
Practically such high surges as occur will arise from direct 
strokes in close proximity to the station, and then only in the 
remote possibility with proper coordination will failure of the 
overhead ground wire protection of the station result. 


While not economieally justified except for transmission 
voltages of 220 kv and above, it appears to be technically feasible 
to build a line that is lightning proof. Our engineers have as- 
sisted in the design of lines which have been in service in severe 
lightning territory for several years without a single outage. 

The development of surge testing apparatus and the technique 
of surge testing has kept up fully with the increase of knowledge 


‘of lightning phenomena, and while the several large lightning 


laboratories which have been cooperating to secure reliable dataon 
impulse strength of bushings, pillars, coordinating gaps, etc., 
have not been able to reach perfect agreement for short time lags 
it is expected that it will not be long before they do. 


The increased knowledge of lightning phenomena on trans- 
mission lines and development of the technique of surge testing, 
have proved definitely that the danger to electrical apparatus 
insulation does not arise from the surges of normal operation nor 
from overvoltages of normal frequency which last for considerable 
time, but are due entirely to lightning surges, most of which last 
only a few microseconds. Therefore, surge testing of electrical 
apparatus is indicated as the logical procedure to determine those 
suitable for service. The question of test procedure and proper 
test values to determine whether all parts of the apparatus are 
coordinated properly is in the hands of the different subecom- 
mittees of the Apparatus Committee of the A.I.E.E. and also of 
the joint NEMA-NELA Committee on Coordination of Insula- 
tion. 

The discrepancies which Professor Harding mentions in his 
paper between the coordination characteristics of different makes 
of surge-proof transformers will in the course of time undoubtedly 
be ironed out. Manufacturers of electrical equipment will be 
compelled to provide themselves with surge testing equipment or 
run the risk of losing out in competition with those who are 
equipped, for it is practically impossible to carry out the research 
and development necessary to produce properly coordinated insu- 
lation in electrical apparatus without the use of such equipment. 
Several manufacturers of electrical equipment have taken ad- 
vantage of the fact that we have developed such equipment to a 
high state of perfection and have purchased outfits from us. 
One large utility has purchased one and we expect more to follow. 
The policy of the company with which the writer is associated 
is to encourage the carrying out of surge testing by utility engi- 
neers, for the more of this that is done, the sooner will the manu- 
facturers appreciate the requirements that their apparatus must 
fulfill and the sooner will competition be placed on a sound basis. 

While we do not have any standard surge test our practise in 
testing surge-proof distribution transformers is to carry out the 
surge-test with normal 60-cycle voltage on the transformer. Our 
surge-proof distribution transformer has been subjected to re- 
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peated tests of extreme severity under these conditions repre- 
senting a great many years operating service, without the slighest 
sign of weakening of the insulation. Surges have been applied 
up to 1,500,000 volts without any damage to the insulation. 


Table I in the writer’s opinion does not mean very much, it 
only indicates the value of the surge that the arresters or pro- 
tective device permit across the various parts of the transformer. 
Distribution type arresters have become well standardized and 
this is indicated in Table I, transformers 1, 2,3, 4,5 and 7. In 
No. 6 the impulse flashover of the protective device used is 
higher than for the distribution arrester, but the surge potential 
permitted by the protective device may be well within the safety 
limit of the insulation. 


We have known for some time that there is a great variation 
in the bushing flashover of different makes of transformers. It 
is desirable to provide a bushing with fairly high flashover but 
the impulse strength of the bushing should be coordinated with 
that of the insulation, so that in an unprotected transformer 
bushing flashover will take place outside the case, protecting the 
internal insulation from failure. In Table II transformers A, B, 
C, and D were not properly coordinated, otherwise insulation 
puncture would not have taken place. 

D. W. Roper: In-a discussion in 1927 with engineers of the 
Electric Service Supplies, General Electric, and Westinghouse 
Electric and Manufacturing Companies, it was recommended 
that the Commonwealth Edison Company make a trial installa- 
tion of interconnecting the ground wires of lightning arresters 
and the grounded neutral main of the secondaries of the 4-kv 
overhead distribution system. Subsequently, in order to deter- 
mine what the effects of such an interconnection would be on 
the voltages on the customer’s wiring at the time of lightning 
discharges, arrangements were made by the Utilities Research 
Commission to have tests conducted at Purdue University. 
The test results indicated that there was no hazard created on the 
customer’s premises by the interconnection; and the inter- 
connection was recommended in a paper‘ of a year ago by Messrs. 
Harding and Sprague and also in their present paper. 

In order to check the effect of the interconnection the Common- 
wealth Edison Company installed 3,000 interconnections early 
in 1932 in blocks where the overhead gangs had other work, so 
that the locations were scattered well over the city. As only one 
lightning arrester per phase wire is installed in each block, the 
number of transformers affected was about 5,700, or about 17 
per cent of the total. 

The records for the year 1932 indicate that a reduction of over 
60 per cent in transformer troubles (fuses blown and transformers 
burned out) due to lightning is secured by this interconnection. 
The records also indicate that in the average year, the total 
number of transformer troubles due to lightning in Chicago will 
be less than 5 per one-thousand transformers per year. 

It happens, however, that this interconnection is prohibited 
by the National Electrical Safety Code and by the rules of the 
Illinois Commerce Commission. Permission was obtained from 
the Commission to make these interconnections with the proviso 
that they would be made only at those locations where, in addi- 


tion to two driven grounds on the secondary neutral wire, the - 


neutral wires of two services were grounded to water pipes on 
the premises of customers, and with the further proviso that we 
were to report all adverse incidents in connection with these 
installations. No such adverse incidents due to this intercon- 
nection have been noted to date. 


As recorded in the Electrical World for December 24, 1932, 
Messrs. Haines and Corney reported a considerable reduction in 
lightning troubles on a similar trial installation of 777 trans- 
formers without a single case of trouble with the customers’ 
wiring or meters. 


4. Interconnection of Primary Lightning Arrester, A.I.E.E. TRAns., 
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In view of this favorable report on two field trials of the inter- 
connection between the lightning arrester ground wire and the 
grounded secondary neutral wire, and in view of the recom- 
mendations for the interconnection, it is reeommended that the 
Institute use its good offices to secure such changes in the 
National Electrical Safety Code as will permit this intercon- 
nection under proper safeguards. 

L. V. Bewley: Messrs. Rudge, Weiseman and Lewis propose 
a protective layout consisting of four principal elements: 

1. An overhead ground wire extending out from the station 
for 2,000 ft or more, and intended as major defense against direct 
strokes occurring within that distance of the station. 

2. Line type arresters at 2,000 ft, and perhaps also at 500 ft 
from the station, to limit the crest of surges having their origin 
beyond the ground wire section. 

3. Station arrester to limit the voltage applied to the machine 
winding (in the case of effectively grounded neutral machine). 

4. Terminal capacitors to retard the wave front entering the 
winding so as to keep the gradients within safe limits; and to 
limit the erest of waves entering isolated neutral windings. 
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Theoretically, with an ideal ground wire having zero grounding 
resistance, there is no excuse for either the station arrester or the 
intermediate line-type arrester. Actually, however, since the 
ground wire is some 0.2 microsecond from ground, and the 
grounding resistance can not always be reduced to the extremely 
low value required, excessive voltages may reach the machine 
terminals, and therefore station protection is necessary. Re- 
ferring to Fig. 5 of this discussion, suppose that a lightning stroke 
has hit the ground wire. Then a wave starts out on the ground 
wire, and induces an accompanying wave of the same shape and 
about a quarter the amplitude on the line wire. Now for a high 
voltage stroke rising at a fast rate (say 10,000 kv per psec), the 
sparkover voltage of the insulator will be reached before waves 
of reduction can return from the tower footing, and thus a 
sparkover is inevitable. At the instant of sparkover the waves 
on the ground and line wires become equal at a value somewhat 
lower than the crest of the wave on the ground wire just pre- 
ceding sparkover. This decrease is due to the reduction of surge 
impedance. A little later the reflections return from the tower 
footing and reduce the advancing wave crests on both line and 


ground wires to a value 
Haren 
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where FR is the tower footing resistance and J is the tower cur- 
rent. The reduction continues, on account of reflections from 
adjacent towers, until finally the wave on the ground wire 
vanishes; but the wave on the line wire moves on and develops a 
total length equal to the time that it takes the reflections to 
reduce the voltage at the stricken tower to a negligible value. 
This may take several microseconds, and in the meantime there 
impinges on the machine terminal a wave of that length and 
sustained crest H = RI. For example, if J = 100,000 amperes 
and R = 2 ohms, the incident wave would be 200 kv and would 
prove destructive unless limited by the capacitor or station 
arrester. Now there is little hope of keeping R down to such a 
low value, and so it is seen that either a station arrester with a 
small capacitor or a capacitor sufficiently large to absorb the 
voltage slug of length 27>. is a quite necessary part of the pro- 
tective scheme. Had a perfect ground been instantaneously 
available at the instant that the lightning struck, no wave could 
have propagated on the line wire. If the intermediate arrester is 
between the stroke and the machine, it will greatly reduce the 
wave on the line wire, and to that extent relieve the station 
protection. 

In the appendix to the paper there are given the equations for 
the first five entering waves, from which the line terminal and 
neutral voltages, for either grounded or isolated neutral, can 
easily be computed. An alternative expression for the nth enter- 
ing wave and for any neutral resistor is given by— 
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R = neutral resistor 
G — (Zs = Z1)/Z122C 


Other notation same as in paper. 


Robert Treat: It is not many years since the orthodox 
answer to the question “‘How can I best prevent lightning damage 
to rotating machinery which is connected directly to overhead 
lines?”’ was ‘“‘By the interposition of a one-to-one transformer 
between the two.’’ The paper by Messrs. Rudge, Wieseman and 
Lewis indicates that considerable progress has been made since 
those days. We no longer feel that an insulating transformer is 
the best lightning protection; nor do we feel that a transformer 
constitutes the 100 per cent protection that we used to believe 
it did. 

The problem of protecting rotating machine insulation is 
more difficult than that of protecting the insulation of trans- 
formers and other stationary apparatus because of the lesser 
margin between normal operating voltage and breakdown 
strength. Because of this the difficulty of securing a satisfactory 
degree of protection is somewhat greater than in the case of 
stationary apparatus; on the other hand, the need for protection 
is also that much greater. 

In an art as old as that of protecting transformers from light- 
ning damage the doctors are not yet entirely unanimous as to 
the exact place in the picture to be assigned to the lightning 
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arrester. In an art as new as the one covered in the present 
paper, it is not to be expected that the final word will have been 
said for some time to come. 

It is the writer’s firm conviction that an intelligent application 
of the protective means suggested in this paper will generally 
reduce the probability of machine failure by an amount sufficient 
to entitle the protective equipment to be regarded as very cheap 
insurance. At the same time, considering the newness of the art 
and the probability of further progress being made in the next 
few years, it should not reasonably be expected that 100 per cent 
protection can now be provided under all conditions. One 
should not be too disappointed, therefore, if he still experiences 
an occasional failure after the installation of protective equip- 
ment; particularly if the protected apparatus has been operating 
for a period without protection and possibly has already suffered 
some incipient damage. 

J. F. Calvert: There are several approximate circuits for the 
generator winding, each of which has its limitations as well as 
its applications in surge studies. Messrs. Rudge, Wieseman and 
Lewis have made use of the assumption put forward by Mr. 
Boehne, that the armature winding may be treated as a trans- 
mission line or cable, but one which permits a very low velocity 
surge to propagate along it. This scheme will give moderately 
accurate data on the voltages at the ends of the windings and, in 
the case of the delta-connected machine, at the midpoint of a 
phase as well. It is not at all accurate for other points in the 
winding. It seems to give a reasonably accurate means of calcu- 
lating the natural period of the machine, though a large number 
of machines must be tested and calculated to prove this, so that 
the effect of slot shape and number of conductors per slot could 
be allowed to enter. It gives a value of voltage between turns 
at the line end which is too high because of the voltage induced 
in the adjacent turns by magnetic and electrostatic coupling. 

Accurate data on surge penetration into armature windings 
must as yet depend largely on test data rather than on theoretical 
analysis. It is unfortunate that no test points have been shown 
with the test curves of this paper. The writer believes the 
authors should state for each curve how many machines were 
tested and what was the maximum variation of test data from 
the curve. Further, were these all multi-turn coil machines? 
Did they have similar slot proportions? How many turns per 
coil were there in the various cases? Was the rotor in or out of 
the stator? 

It is believed that the assumption made by the authors con- 
cerning the protective method will result in optimistic rather than 
pessimistic results for the volts to ground in the machine. The 
scheme of charging the condenser through the surge impedance 
of the line is a compromise, for the use of a more lumped im- 
pedance with capacity and arresters at the terminals of the 
machine admittedly will give more complete protection. 

It is noted that the authors have assumed a 0/40 wave on the 
machine side of the arrester, which is located 2,000 ft from the 
machine terminals. From published performance of arresters, 
it can be shown that in order to produce such a resultant arrester 
wave, a 0/18 wave would have to originate on the line. While it 
is probable that a large percentage of the lightning surges ex- 
perienced at a particular location will not appreciably be longer 
than this, longer waves have been measured and may be ex- 
perienced. 

It is felt that a O front flat-topped wave should be assumed 
as that which passes the arrester, because this is practically what 
passes an arrester when a severe surge originates on the line. 

E. M. Hunter: In protecting rotating machines from damage 
by lightning voltages, consideration must be given not only to 
the crest but also the front of the voltage wave entering the 
machine winding so that the resulting voltage distribution in the 
winding will not damage the turn or neutral insulations. The 
lightning protection given transformers usually is inadequate for 
rotating machines because, as Messrs. Rudge, Wieseman and 
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Lewis have shown, the impulse strength of the insulation of 
rotating machines is relatively low compared with the impulse 
strength of the insulation of transformer, lines, ete., to which 
machines are connected and hence special protective equipment 
is necessary for this apparatus. 

Suitably located special lightning arresters alone at or near the 
terminals of a machine do not give adequate protection because 
an arrester limits only the magnitude of the surge voltage to 
ground and exerts little or no influence on the front of the wave 
and hence it is necessary to supplement the protection obtained 
from the special arresters by equipment which will reduce the 
voltages appearing across the winding turns and at the neutral 
to values safe for the machine insulation. 


In the protective schemes described by the authors, this 
supplementary protection is obtained by shunt capacitors to 
ground at the machine terminals. Inductance, located in series 
between the machine and transmission line also will slope off the 
front of the incoming voltage wave and a brief summary of what 
can be accomplished with inductance is given here. 


Based on the single conductor theory of traveling waves, the 
equation of the voltage wave entering a machine caused by a 
0-40 usec voltage wave reaching the machine from over a trans- 
mission line through a series inductance is 

(Zi +Z2)t 
2EZ, eae 


| € —0.0173 X108 _ ¢ 
Z: + Z: — 0.0173 X 10°L 


e= 


(1) 
where 
Z; = surge impedance of transmission line 
Z2 = surge impedance of machine 
EF = crest of incoming voltage wave 
L = series inductance 


which shows that with a 0/40 voltage wave arriving at the ma- 
chine terminals, a voltage wave with a sloping front enters the 
machine. 

The voltage appearing across the machine turn insulation and 
the reflected voltages at the neutral are dependent upon the 
slope of the incoming wave. The equation of the slope is ob- 
tained by differentiating equation (1), and from the slope, the 
voltage (#7) across the turn insulation is 

2EZ ot 
Ey = 5 (2) 
Mr. E. W. Boehne has shown that the average velocity of propa- 
_ gation of electric waves in machine windings’ is approximately 
10,500 miles per sec. Thus the time required for a wave to 
travel one turn of a coil is 
t = 1.5 D 10'see 

where 

D =(18d+0.1 mit) = length of turn 

d stacking length of armature core 

mlt = mean length of turn of coil 

From equation (2) then, the formula for the series inductance 
to slope the incoming voltage wave is 


3EZ.D 10° 
L = ——— _ henrys (3) 
Ey 
where 
D = length of turn in inches 
E = erest of incoming wave in kilovolt 


Ey = maximum allowable voltage across turn insulation in volts 
Z2 = surge impedance of machine in ohms 

Fig. 6p of the paper shows that a 0.5-uf capacitor at the 
terminals of a machine, in conjunction with suitable arresters, 
will prevent the neutral reflected voltages from rising to danger- 
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ous values. With the aid of equation (1), it can be shown that a 
0.1 henry series inductance at the terminals of the machine will 
accomplish the same result. However, it would not be practical 
to use an inductance of this size as it would interfere with the 
normal transfer of power from a machine. 


The authors have also stated that a 0.1-uf shunt capacitor at 
the terminals of the machine together with suitable arresters will 
slope off the front of the incoming voltage wave sufficiently so 
that the resulting voltage distribution in the machine winding 
will not damage the turn insulation. It can be shown by equa- 
tion (3) that with the same arrangement of arresters as proposed 
by the authors, a 0.02 henry series inductance at the terminals 
of the machine should give the same turn protection for a machine 
with a surge impedance of 800 ohms. This is considerably more 
inductance than usually is found in current limiting reactors, 
induction voltage regulators, ete. However, this value of in- 
ductance is conservative, especially for machines with a low surge 
impedance, and hence a lower value of inductance may often give 
sufficient turn protection. When there is apparatus having 
inherent inductance in series between a machine and the trans- 
mission line, its protection value should be considered in select- 
ing lightning protective equipment for the machine. 


For machines directly connected to overhead lines, the pro- 
tective schemes proposed by the authors-depend upon a definite 
voltage level being established in an adjacent region of approxi- 
mately 2,000 ft on all lines out of a station. It is necessary that 
this 2,000-ft section be free from direct strokes so that the termi- 
nal condenser will be charged through the surge impedance 
represented in this 2,000-ft section. 

It has been suggested® that this surge impedance could be re- 
placed by a series inductance at the terminals of the machine. 
This inductance with the capacity at the machine terminals 
results in an oscillating circuit and to limit the crest of the voltage 
wave entering the machine to a safe value it would be necessary 
to install a lightning arrester on each end of the series inductance. 

No mention has been made of the size of the inductance re- 
quired for this purpose. With the authors protective scheme, a 
0.5-uf condenser is sufficient to prevent the reflected voltages at 
the machine neutral from rising to dangerous values. A series 
inductance together with the terminal condenser should have 
approximately 5 times the inductance inherent in a 5 per cent 
load limiting reactor to provide the same protection. An in- 
ductance of this size is impractical. Of course, increased capacity 
at the machine terminals decreases the size of the inductance 
required. 

For protecting the turn insulation in a machine, the inherent 
inductance in load limiting reactors together with a small ca- 
pacitanee to ground (approximately 0.1 uf) at the machine 
terminals usually will be suitable provided that lightning arresters 
are located at each end of the load limiting reactor. This ar- 
rangement should prove desirable for protecting grounded 
neutral machines. 

However, in general, the arrangement using series inductance 
requires much larger capacitors than the schemes proposed in the 
paper if the series inductance is to be limited to a reasonable 
value and hence, the authors schemes should prove to be the 
most desirable for most installations. 

K. K. Palueff: By taking the transient voltage character- 
istics of generators given in the paper by Messrs. Wieseman, 
Rudge and Lewis and the formula presented by Mr. Hagenguth 
and the writer a year ago’ for calculation of transmission of 
lightning through transformers to rotating machines we were 
able to get quite a definite idea of the magnitude and shape of 
lightning voltages that can reach generators connected to trans- 
mission systems through transformers. 

As shown in the paper referred to, lightning voltages reach 
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generators through transformers by means of electrostatic and 
electromagnetic induction. The energy associated with electro- 
statie transmission is so small that the capacitance of the low 
voltage busses, cables, and other parts of low voltage circuit may 
reduce the amplitude of voltage very appreciably. 

The bulk of the lightning energy is transmitted by electro- 
magnetic induction, and while its amplitude and shape are 
affected by the constants of the low voltage circuits, it still is 
able to produce very high voltages of steep fronts. 
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Transformer ratio 4:1 or higher, Generator surge impedance 600 ohms 


Voltage transmitted electrostatically may radically be modified 
by mere change of distribution of the transformer windings on a 
core. Therefore, no definite idea can be given of the magnitudes 
of these voltages without referring definitely to a specific type 
and size of transformer. The electromagnetic induction, how- 
ever, depends only on turn ratio and the short-circuit reactance 
of transformers and is absolutely independent of construction 
features of the transformer. For this reason it is possible to 
calculate the voltage for practically the entire range of the trans- 
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former ratings using for short-circuit reactances of transformers, 
values typical to the respective ratings. 

Voltage E. to Ground (Figs. 6 and 7). If the maximum ampli- 
tudes of lightning waves that are likely to strike the high voltage 
winding of a transformer were independent of the length of the 
waves, then the longest wave would produce the highest voltage 
at generator terminals. However, on account of the time lag 
phenomena, the arcover voltage of line insulation and of co- 
ordination gap is considerably lower for long waves than it is for 
the short ones. Thus, it can not be stated apriori whether short 
or long waves will produce the highest voltage. 

As numerical calculations are quite involved they were con- 
fined here to the 44-5 and the 114-40 waves, and two sets of 
curves similar to Figs. 6 and 7 were obtained. 

It was found that in smaller generators of higher voltage, the 
114-40 wave produces higher voltage to ground that the 4-5, 
while in larger generators of lower voltages the reverse is true. 

Taking in each ease the highest of the two voltages, the family 
of curves of Figs. 6 and 7 were plotted. The amplitudes of waves 
applied to the high side of transformers were assumed to be 
limited by a coordination gap and their values therefore were 
taken to be, for the 4-5 wave 8.55 times the rated phase voltage 
(erest) of the high voltage winding; and for the 114-40 wave 5.74 
times this value. 
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According to the authors’ statement, the allowable impulse 
voltage from generator terminal to ground is 2.12 times the crest 
rated line-to-line voltage corresponding to 3.67 times the rated 
crest line-to-ground voltage. This voltage level is marked in 
Figs. 6 and 7 with heavy lines as the boundary of the danger 
zone. The rated line voltage (rms) of the generators is plotted 
along abscissa while along the ordinate the voltage to ground at a 
generator terminal is plotted and is expressed in times-normal 
erest rated line-to-ground voltage of generator. The cross- 
hatched border encloses the common ratings of generators found 
in practise. The upper boundary of each area, drawn with a 
heavy line, corresponds to transformer bank capacity of 90,000 
kva. The lower boundary, also drawn with heavy line, corre- 
sponds to 300 kva. The left side corner of each area corresponds 
to 2,300 volts, while the right side corresponds to 22,000 volts. 
Different cross-hatched areas correspond to different connections 
of transformer bank. In the transformer connection diagrams 
indicated on the curves, the high voltage side is on the left. It 
is assumed that transformation ratio (line-to-line) for Fig. 6 is 
1:1, while for Fig. 7 it is equal to or exceeds 4:1. The ratio of 
high voltage line voltage to low voltage line voltage is the same 
for all bank connections in the same figure. 

The following conclusions can be drawn from these diagrams: 

1. 1:1 transformers reduce lightning voltages from generator 
terminals to ground to safe values in the majority of generators. 
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The maximum reduction is obtained in Y-delta and delta-Y 
banks. 

2. Lightning voltages on generator terminals increase with 
increase in ratio of high voltage line voltage to low voltage line 
voltage until this ratio reaches approximately four. The in- 
erease is not proportional to this ratio. The generator voltages 
are practically independent of it as long as the latter is not ma- 
terially less than 4. 

3. Lightning hazard to ground (major) insulation of generators 
increases with the kva capacity of transformers connected be- 
tween high-voltage line and the generator, and with reduction of 
the rated generator voltage. 

4. The surge voltage to ground depends not only on generator 
characteristics, transformér reactance and turn ratio, but also 
on the transformer bank connection. The voltage stress in the 
generator is highest for the Y-Y transformer bank, having both 
neutrals grounded (or for an auto-transformer) and is lowest for 
the delta-Y and Y-delta transformers. 

5. It appears that without lightning arresters on the high side 
of transformer, many generators connected to Y-Y, delta-delta, 
and Y-delta banks having line-to-line ratio approximately 4:1 
or greater are in the danger zone. 

6. A thyrite lightning arrester on the high voltage side of the 
transformer eliminates this danger for some of the bank con- 
nections, and materially reduces it for others. 

Voltage EH; Across Turn Insulation (Figs. 8 and 9). Voltage be- 
tween turns depends on the rate of rise of the voltage to ground. 

Curves of Figs. 8 and 9 were calculated for the 14-5 usee wave 
applied to the high tension side of transformer banks. The 
1144-40 wave gives lower voltages. re gal 

If mutual inductance between adjacent turns is neglected, then 
the voltage between turns can be obtained by multiplication of 
the corresponding value of H£; (of Figs. 8 and 9) by the effective 
length of the turn (in feet). The effective length of turn is 


lq 
18 


ley =1;- 


where 1; is length of turn conductor embedded in slots, 1a is 
length of conductor outside of slots, 18 is an approximate 
propagation-constant, which is equal to the ratio of velocity of 
light to the velocity of propagation of a traveling wave along the 
conductor embedded into a slot. 

If the voltage so obtained is not more than, say 0.66 EH, 
given in Figs. 6 and 7, then it represents the correct turn voltage. 
If, on the other hand, this voltage is much in excess of 0.66 EH, 
it represents voltage in excess of the correct value. In most of 
the cases it will be found that turn voltage is less than 0.66 E,. 
The presence of mutual inductance tends to reduce the voltage 
between turns. 

If the value of the kilovolts per foot given in Figs. 8 and 9 is 
multiplied by 55.4, kilovolts per microsecond are obtained. 
Different curves correspond to generators of different capacity 
marked on the curves. Itis seen that the turn stress is the highest 
for the transformer banks of low voltage and high kva ratings 
and is lowest for banks of high voltage and low kva ratings. 
Since the strength of turn insulation depends on many factors, 
it is impossible to draw a danger zone in these diagrams. 

It may be added that voltages transmitted through a trans- 
former electrostatically are apt to be much steeper than those 
transmitted electromagnetically, and therefore are particularly 
dangerous to turn insulation of generators connected to trans- 
formers by means of busses of negligible electrostatic capacitance. 


GENERAL CONCLUSIONS 


With transformer banks guarded only by the coordination gap, 
the ground insulation of the majority of rotating machines is in 
danger where they are connected to the transmission systems 
through transformers with relatively high transformation ratio. 
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A lightning arrester on the high side capable of reducing the 
incoming lightning voltage to some 70 per cent of the coordina- 
tion gap level would remove this danger to the generator ground- 
insulation in most cases, with the exception of the Y-Y grounded 
neutral transformer (or auto-transformer) banks. In the latter 
case lightning arresters for the grounded system can be used, and 
if they are capable of reducing voltages to some 56 per cent of the 
coordination gap level they will protect the ground insulation of 
many generators. 


However, a lightning arrester on the high voltage side of the 
transformer capable of protecting the ground insulation of the 
machine will not, in many cases, protect the turn insulation of 
the machine as it will not sufficiently modify the shape of the 
front of the wave. Therefore, to protect the turn insulation a 
proper condenser should be connected from the generator termi- 
nal to ground which would slant the front of the wave transmitted 
to the generator to a sufficient degree. To eliminate the danger 
of possible resonance between the protective condenser and the 
inductance of the circuit, in case of switching, or other oscillatory 
transients, a thyrite arrester should be placed in Shunt with the 
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Available formulas permit quite accurate calculation of voltage 
stresses for any particular installation provided the following 
data are given: 

1. Generator design data. These permit calculation of the 
surge impedance of the generator and its natural frequency. 

2. Arrangement and size of low voltage busses. This permits 
determination of their effect which is particularly pronounced for 
voltages electrostatically induced. 

3. Transformer kva capacity, turn ratio, bank connection, 
condition of neutral (grounded or not). This is all that is neces- 
sary for the determination of electromagnetically induced 
voltages. The distribution and dimensions of windings are neces- 
sary if electrostatically induced voltages are to be determined. 

4. One-line diagram of the substation. 

5. The maximum voltage permitted by protective devices 
(coordination gaps, lightning arresters, ete.) to reach high-voltage 
terminals of the transformer. 


ImputsE Ratio or AN ASSEMBLED TRANSFORMER 


The following is a discussion of the paper by Messrs. Mont- 
singer, Lloyd and Clem: 
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It has been suggested by some that the overall impulse strength 
of a transformer is proportional to its 60-cycle strength multiplied 
by the impulse ratio of a barrier of transformer insulation. Such 
a view is erroneous because it neglects the radical difference in 
the character and in the distribution of stresses, throughout the 
complex structure of transformer winding, produced by 60-cycle 
voltage, from those produced by the impact of an impulse (Fig. 
10). This view is no more correct than the claim that the ability 
of a dirigible to stand a side thrust of a sudden gust of wind can 
be determined from the uniform steady load test on the dirigible 
itself and from the ratio of impulse tensile strength to steady load 
tensile strength of a sample of structural material used for its 
frame. 

If the voltage distribution produced by impulse throughout 
transformer winding was essentially identical to that produced by 
60 cycles, then the impulse strength of a transformer could be 
judged by its 60-cycle strength. The ratio of the impulse strength 
to the 60-cycle strength would be the “impulse ratio’ of the 
transformer. This impulse ratio would then be equal to the 
impulse ratio of the insulating material used and, therefore, could 
be determined from the impulse ratio test on samples of the insula- 
tion used. Thus, for example, if impulse ratio of insulation 
material is assumed to be say 1.85 (this is the ratio of 114-40 
impulse test wave to 3.46 induced voltage test, see Fig. 10a), it 
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Fic. 10—Comparison OF STRESSES IN A TRANSFORMER PRO- 
DUCED BY Low FREQUENCY AND ImpuLsE TESTS 


Solid lines = impulse test produces non-uniform oscillatory stresses 
Dotted lines = 60-cycle test produces uniform steady stresses 


could be stated that the transformer as a whole will be able to 
stand impulse voltage of 1.85 times the maximum 60-cycle 
voltage that can safely be applied to it. This is so because due to 
the assumed uniform distribution the impulse voltage between 
coils, turns, ete., throughout the entire winding would be 1.85 
times the safe 60-cycle stress. 

Unfortunately, in all transformers with the exception of the 
non-resonating type, impulse voltage distribution throughout 
the winding is different essentially from that of 60 cycles. There- 
fore, when an impulse voltage of 1.85 times 60 cycles is applied to 
the line terminal, stresses between coils and turns may be 10 or 
even more times their safe 60-cycle stress (Fig. 10a, B, c). It 
follows that should their insulation be able to stand only 1.85 
times such stress the transformer would fail internally at the 
application of an impulse wave of 1.85 times 60 cycles. In 
examining the curves given in Fig. 10 we find that the entire 
structure except the insulation to ground adjacent to the termi- 
nals may be stressed by impulse far in excess of 1.85 times its 
60-cycle stress. It is, therefore, impossible to express the impulse 
strength of a conventional transformer in terms of its 60-cycle 
strength times the impulse ratio of a sample of insulation. There- 
fore, two transformers of identical rating and of the same 60-cyele 
strength, but of a different construction, may have an entirely 
different impulse strength. For this reason, Fig. 2 of Montsinger, 
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Lloyd and Clem’s paper should not be misinterpreted. It illus- 
trates the relation between the impulse strength of a particular 
insulation barrier and the arcover voltage of a given setting of a 
rod gap. 

The relative values of lightning strengths of the entire insula- 
tion structure of a transformer and of a coordination gap, may 
essentially be different from the one shown in Fig. 3 of the paper, 
as it depends not only on the strength of the major insulation but 
also on the strength of coil and turn insulation. 


The only conclusions that can be derived from this figure in 
regard to an assembled transformer is that the margin of safety 
offered by a coordination rod gap to a transformer is reduced for 
exceedingly steep waves. 


DETECTION OF FAILURES CAUSED By IMPULSE TEST 


The transformer subcommittee has made a stride toward the 
solution of the very difficult problems of commercial impulse 
testing of transformers. It must be emphasized, however, that 
the problem is not as yet completely solved. In referring to the 
detection of dimensionally small damages: extensive damage or a 
complete failure of major insulation can be detected by methods 
outlined in the subcommittee’s report. However, the puncture of 
coil or turn insulation, in the majority of cases, cannot be detected 
by the means recommended by the subcommittee. 


It is important to recognize that lightning, both the natural 
and the artificial, may sometimes produce dimensionally very 
small damage to apparatus insulation. Such damage in extreme 
cases may be in the form of pinholes. These punctures often can 
be detected only with the assistance of a magnifying glass and 
with a special light, after a transformer is completely disas- 
sembled. This may explain why this type of failure is not 
generally known and even the possibility of its existence some- 
times is doubted, although the writer brought this phenomenon 
to the attention of the Institute as early as 1928 in a discussion® 
which presented arguments in favor of impulse testing of trans- 
formers. This type of damage is found in all types of insulation 
used for transformers and rotating machines. 


In this respect, European experience is similar to that of this 
country. Mr. Norris of Ferranti Ltd., has deseribed® the difficul- 
ties of detection of local failures in his large 132-kvy transformer as 
follows: 

‘‘After 500 severe surges, there was no external indication that 
the windings had been damaged by the surge. However, on 
dismantling the windings and examining them, turn by turn, 
numerous places of breakdown and partial breakdown were 
found—all of them between turns and between coils. There was 
no sign of failure between the high-tension windings and either 
the low-tension windings or ground.” 

The writer calls particular attention to the fact that the 
excitation of a transformer with 60 cycles voltage during the 
impulse test does not appreciably increase the probability of 
detection of damages, because the establishment of ‘‘follow” 
power current, under the condition of test outlined in the report 
is most improbable, particularly in case a failure takes place 
between turns. 

It is possible, therefore, for a transformer unsuitably designed 
or manufactured to be severely or even mortally wounded during 
the impulse test in the factory without giving a sufficient indiéa- 
tion of the distress to justify its rejection. It may take weeks and 
even months until one of these local*breakdowns will develop into 
a complete failure under the service stresses. 

In view of the above it is hoped that in the near future, a more 
positive method of determining the condition of transformer 
insulation after the impulse test will be found. This would place 
commercial impulse testing on a more firm ground. 


8. A.I.E.E,. Transactions, October 1928, p. 1013. 
9. Electrical World, December 27, 1930. 
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Comparison oF 60-CycLe INDUCED VottTacr Trsts WITH 
IMPULSE 


In transformers of ordinary construction, the impulse and 60- 
eycle tests differ radically in amplitude, duration, and distribu- 
tion of stresses produced throughout the winding. In trans- 
formers of non-resonating construction, they differ essentially 
only in the amplitude and duration. 

Separate comparison is shown in Fig. 10, of stresses produced, 
in major insulation (insulation to ground), coil insulation, and 
turn insulation, by these two tests. Itis assumed that the applied 
wave is 114-40 with amplitude just below that necessary to are 
over a standard test gap. The amplitude of the induced voltage 
test is assumed to be 3.46 times normal phase voltage (rms). All 
voltages are expressed in multiples of normal voltage (crest). 
Voltage to Ground—Fig. 10a. 

60-Cycle Test. Line 1A gives voltage for transformers of all 
types. 

Impulse Test. Curve 2 gives voltage distribution in an ideal 
non-resonating transformer. 

Curves 3, 4, and 5 give voltages in ordinary transformers. 
Curve 3 indicates the initial distribution, 4 and 4 the maximum 
produced by oscillation subsequent to the impact of the wave. 
Curve 5 corresponds to ultimate voltage that can be obtained in a 
transformer with a relatively short natural period, while 4 
corresponds to a transformer with longer period. 

It is interesting that an appreciable lengthening of the applied 
wave beyond 40 psec does not lower its amplitude very much as 
the impulse ratio or arcover voltage of a rod gap for 114-40 is 
only some 10 per cent higher than that of a 114-100 wave. 

However, the lengthening of the applied wave from 40 [sec 
to 100 usec increases very appreciably the internal voltages to 
ground in ordinary transformers (curve 4). 

Voltage Across Coils and Turn Insulation—F1g. 108, c. 

60-Cycle Test. These tests produce voltage stress of 3.46 times 
normal. 

Impulse Test. Curve 2 shows voltage stresses in an ideal non- 
resonating transformer. Curve 3 shows the approximate range 
of stresses in ordinary transformers of different construction and 
proportions. Location of a given coil or turn in a winding is 
indicated by the abscissa. 

Duration of stresses produced by 60-cycle test is the same for 
all elements of insulation structure in all transformers. Duration 
of stress produced by an impulse wave in an ordinary transformer 
is very different for different elements and for the same elements 
in different parts of the structure. 

One of the conclusions that can be drawn from the above is 
_ that no matter what the ratio of impulse of the two tests, they 
can not be made equivalent in any transformer with the sole 
exception of a non-resonating type. In ease of a non-resonating 
transformer, the duration of stress is the same for all elements. 


RewvAtTion Between Lenetu or APPLIED WAVE AND VOLTAGE 
To GROUND 


It has been shown before that the internal voltages, from wind- 
ing to ground, when expressed in per cent of the amplitude of the 
applied wave, increase with increasing length of the applied 
wave, until each point of the winding reaches its possible maxi- 
mum. This possible maximum is indicated by curve 5, of 
Fig. 10a. 

In case the applied wave has a flat top and a sufficiently steep 
front (say 2 usec or less) the maximum is reached when the 
length of the wave is 14 of the duration of the natural period 7 
of the transformer. ‘When the applied wave has an exponential 
tail the maximum, theoretically speaking, is never reached but 
some 90 per cent of the maximum is produced by a wave which 
decreases to half of its crest value in about 7’ in 27 microseconds. 

The above relations between the length of the applied wave and 
internal voltage to ground hold for the middle third of a trans- 
former winding. 
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It should be appreciated, of course, that different points along, 
the winding require a different minimum length of the applied 
wave to cause these points to reach 90 per cent of their possible 
maximum. It can generally be stated that the shortest wave is 
required for the third of the winding next to the grounded neutral 
and the longest for the third next to the line terminal. 

From this it would follow that to subject the major insulation 
of an ordinary transformer to the maximum stress, it is necessary 
to apply as long a wave as possible. In any event, at least as 
long as 7’. 

This would be true provided the applied waves were all of the 
same amplitudes. However, this is not the case as the amplitude 
of test waves is assumed to be fixed by the arcover strength of a 
rod gap of a given setting. On account of the time lag of'such a 
gap, the amplitudes of very long waves are appreciably smaller 
than those of very short waves. 

Thus an increase in length of the wave on one hand increases 
the values of internal voltages relative (in per cent) to the ampli- 
tude of the applied wave, but on the other hand, reduces the 
amplitude of the latter, and therefore reduces the absolute values 
(in volts) of the internal voltages. 
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Voltages are given in per cent of the maximum voltages produced by 
the respective critical waves for 3 points of the winding ; 


Solid lines = 1% — 40 wave 
Dotted lines = 1144 — 100 wave 


‘Numbers on curves indicate the distance of the points from neutral in 
per cent of total length of winding 


The conflict of these two phenomena results in the existence 
for each transformer of a wave of critical length which produces 
the maximum absolute stresses within parts of the windings. 
Waves shorter or longer than the critical produce lower stresses. 
However, there is quite a wide range of waves on both sides of the 
critical length that produce voltages within a few per cent of the 
maximum. 

These considerations permit the calculation of the curves 
shown in Fig. 11. Three curves correspond to 75, 50 and 25 
per cent point (measuring from grounded neutral) of a winding, 
they show the voltages produced in transformers of various 
natural periods, by a 114-40 see wave (recommended by the 
subcommittee as standard for impulse test) and by a 144-100 
[see wave. au ; 

The voltages are expressed in per cent of maximum voltage 
produced at the same points of the winding (of a given natural 
period indicated by the abscissa) by waves of the respective 
critical lengths. 

The curves indicate that the reeommended waves subject the 
internal major insulation practically to its maximum possible 
service stress in transformers of natural periods not much longer 
than say 100 msec (corresponding to a natural frequency of 
10,000 cycles and higher). 
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In transformers with materially longer natural periods the ap- 
plied wave must considerably be longer to duplicate the possible 
internal service stress. It appears therefrom that the 114-100 
wave in contrast with the 114-40 wave would subject practically 
all transformers to stresses of essentially the same relative 
severity, since the natural period of the majority of transformers 
is less than 200 usec. 

The above analyses were made for transformers with grounded 
neutral. Essentially the same relation holds for transformers 
with isolated neutral or connected in delta. The difference in 
details for the two phenomena is believed to be sufficiently 
obvious to make further discussion of it here unnecessary. 

F. J. Vogel:* In the formulation of standards or rules for test- 
ing, it is necessary that they be sufficiently severe to give reason- 
able assurance that the apparatus will withstand service con- 
ditions, and that the fact that the apparatus has or has not 
fulfilled the requirements can reasonably be certain of determina- 
tion. The question of severity in the case of surge testing hinges 
upon the test gap length, the magnitude of the surge impressed, 
the polarity of the surge and the shape of the wave. These 
factors should be chosen with the idea that they would result in 
transformers of adequate strength for service conditions. 

However, some of these factors have been questioned. The 
proposed test gap insures that there is a margin between the 
coordinating gap and the apparatus. The magnitude of the test, 
as determined by the present proposals, in the writer’s opinion 
probably is low for the higher voltage classes, because the pro- 


Fig. 12—Catuopr Ray Oscrntogram SHOWING OSscILLOGRAM 
WirxHour INDICATION oF INTERNAL TRANSFORMER FAILURE 


posed rule of 10 per cent above the full wave value of the test 
gap does not provide a test up to the strength of the major 
insulation. The polarity of the wave has been questioned. This, 
however, involves more than just the polarity but also the pre- 
ceding recommendations, provided obtaining proper insulation 
of the transformer is the sole thing in mind. It is not believed 
that this is an essential point in the obtaining of good trans- 
formers. The choice of the wave shape is dependent upon two 
factors. One is the possibility of producing the wave and the 
other is the question of what represents the worst conditions in 
service. The steepness of the wave front which may be obtained 
is limited by the transformer and the surge generator, as has 
been shown by Mr. Bellaschi (Transactions A.I.E.E., Decem- 
ber 1932, page 936). Nevertheless, the gap flashover close to the 
transformer leads to the highest coil stresses and. so similar 
effects to those of the steepest wave fronts can actually be ob- 
tained. The length of the wave is dependent upon the inductance 
of the transformer and the capacity of the surge generator. A 
long wave can be obtained therefore provided the surge generator 
capacity is sufficiently great. The criterion for this is the length 
of the longest surge expected in service. From field data which 
have so far been collected, there are no indications that light- 
ning surges longer than 40 microseconds to half value will be 
found in service. 


*Discussion on Progress Report on Impulse Testing of Commercial Trans- 
formers. 
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It is of interest that in the discussion the question of the 
length of wave is raised. Considerable pains are taken to show 
that a transformer with a long period does not develop oscilla- 
tions to the fullest extent with surges of relatively short lengths. 
This theory was advanced by Mr. J. K. Hodnette in 1929 (Trans- 
actions A.1.E.E., January 1930, page 68). In the discussion 
of Mr. Hodnette’s paper, some engineers claimed that the maxi- 
mum full wave lightning voltages were high enough and the 
period of all transformers short enough so that the grading of 
insulation was hazardous. Since then, the maximum lightning 
voltages seem generally to have decreased more nearly to 
Mr. Hodnette’s values. It has also been discovered and agreed 
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Fig. 13—CatHope Ray OscinLoGRaM, INDICATING FAILURE 
BY THE SLIGHT DEPRESSION IMMEDIATELY AFTER THE CREST OF 
THE WAVE 


Compare this with Fig. 12. This indication is very sensitive of any coil- 
to-coil damage near the line end of the transformer 


to by all engineers that some transformers do have relatively 
long periods, as Mr. Hodnette claimed. It is apparent therefore 
that grading of transformer insulation may not be hazardous 
provided the wave is of the order of 40 to 50 microseconds to half 
value. No records of natural lightning have been produced so 
far as the writer knows where the wave is more than 40 to 50 
microseconds long to half value. No reason for increasing this 
value in the Test Code can be seen unless it be to impose an 
artificial difficulty in the way of certain meritorious designs. 


Fic. 14—Catruopr Ray Osci~toGRamM, SHOWING COMPLETE 
FAILURE OF THE TRANSFORMER 


In this test, a wave as high as that in Fig. 13 was impressed, but the gap 
did not flash over. Two indications of failure were obtained simultaneously 


The question of certainty of detection has been raised by 
several engineers. It appears that extensive damage or com- 
plete failure of major insulation can be detected by the methods 
outlined in the subeommittee’s report. Another believes that 
puncture of coil-to-coil and turn-to-turn insulation, in the 
majority of eases, cannot be detected by the means recommended. 
This does not agree with the writer’s experience, and the cause 
must be that it is not based on the same equipment and methods. 
If 4t is caused by difference in design practise, it certainly is a 
serious matter. It is no less serious if due to lack of experience 
or technique in testing and observation. It is to be hoped that 
these difficulties will be removed by further testing experience. 
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The company with which the writer is associated has tested 
many transformers up to or higher than the surge voltages which 
are recommended by the Transformer Subcommittee. These 
have been distribution transformers, core type transformers with 
small round wire coils, core type transformers with ribbon wound 
coils, and shell type transformers. Some of these have been given 
a great number of tests, a thousand or over in the case of some 
distribution transformers, and when disassembled with the 
greatest care, no visible signs of deterioration were found. 
However, a number of transformers have failed, as indicated by 
the means available. It may be possible to design a transformer 
between these limits, which requires some responsibility to be 
assumed by both the manufacturer and the purchaser. 

The experience of an English engineer, Mr. Norris, has been 
cited. It is my opinion that if the transformer described by 
Mr. Norris had been tested with excitation, or if cathode ray 
oscillograms and oscillograms of the excitation voltage and cur- 
rent were obtained and other means used as described in the 
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Fig. 15—OscinttoGraM oF EXciTaTION VOLTAGE AND CURRENT 
During A TRANSFORMER FAILURE 


The top line is an indicator only to show the instant that the surge 
occurred. The middle wave shows the current flow, which flowed for 214 
cycles after the surge occurred. The lower-line shows the disturbance to 
the voltage wave. Power follow is rarely continuous, but does do further 
damage, even when it occurs locally, and for a part of a cycle only 


subecommittee’s report, indications of the extensive failures 
described would have been obtained. It is clear on the one hand 
that such tests were not possible in 1930 and on the other that 
transformers built in 1930 and possibly incapable of withstand- 
ing surges can be replaced in 1933 with transformers capable of 
withstanding repeated surges. 

The writer cannot agree that excitation does not increase the 
probability of detection of failure. In the case of a single failure 
between turns, with no further testing, it could not be said to 
be a definite indicator. But in actual practise, such a failure 
soon involves other turns and enhances the probability of power 
flow, even for a fraction of acycle. Ina station, lightning struck 
a tower close by, and one of the transformers failed. The failure 
involved one coil only. No damage was found elsewhere. If 
power had not been available, it is felt that nothing would have 
happened. The bank was delta-connected and only one trans- 
former showed evidence of failure, although two were subjected 
to the same surge voltages. In the other one, due to the phase 
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position, power did not follow. This clearly shows the value of 
power-follow testing. We have found that in failures of some 
transformers some indicators are more sensitive than others, and 
that power-follow is a very essential indicator. We have taken 
oscillograms of the low voltage current in most transformer tests, 
to show the time of the surge, and to show any power flow taking 
place. Examples of oscillograms taken during transformer tests 
are shown in Figs. 12 to 15. 

The statement has been made that surge tests are more sensi- 
tive, if anything, than the present 60-cycle or induced tests. 
This is believed to be true. 

Another engineer has cited the case of three transformers, 
A, Band C, where A fails through the major insulation but where 
B and C apparently pass the test. B further is assumed to be 
damaged but C to be good. If this can be the ease, it is stated 
that the test without a detector is worse than useless. This 
statement would not universally be agreed to even without as 
sensitive a detector as we now have. A potentially dangerous 
piece of equipment was detected (transformer A). Transformer 
B would be in no worse shape then after the first line surge had 
struck it, and at worst but a small proportion of its possible life 
has been taken away. Actually, however, there will be few 
transformer B’s. Nevertheless, there is a suggestion here. Pos- 
sibly the correct surge test would consist of repeated tests, which 
would increase the incipient damage done until actual failure by 
power follow or other indication, to make it more comparable in 
length to the 60-cycle tests. 


F. J. Vogel and V. M. Montsinger: The subcommittee was 
very glad to get so many discussions of the report. As may be 
inferred from the title, the report merely marks progress. We 
realize that it will, no doubt, be necessary as time goes on to 
make changes and modify it as we gain further experience. 


Most of the points mentioned by the discussors have been con- 
sidered by the subcommittee. However, this does not mean that 
these suggestions will not be given further consideration. One 
or two points in particular may be mentioned. Mr. Sporn sug- 
gests that negative waves instead of positive waves be used since 
in practise the highest lightning voltages are of negative polarity. 
The best argument for using negative waves is not the one 
mentioned but that the negative wave fiashovers of. most insula- 
tors and coordination gaps are higher than positive wave flash- 
overs. However, unless the stresses imposed in windings by a 
negative wave are more severe than those imposed by a positive 
wave (of the same voltage amplitude) the question of polarity 
of waves merely is one of severity of test or of what level of im- 
pulse voltage should be used in making the impulse tests. So 
far as we know there is no difference in the stresses imposed by 
either wave of the same amplitude. Therefore, what Mr. Sporn 
really suggests is that the impulse level for testing be raised. 


When establishing the level of the test gaps the committee 
felt that these gaps imposed as severe a test as was justified at 
the present time. We have no assurance, it is true, that the 
tests proposed are of adequate severity. If further experience 
indicates that it is desirable and necessary to raise the impulse 
level, manufacturers will be very glad to do so. 


As to the suggestion that volts instead of gap spacings be used, 
the subcommittee as stated heretofore has given this very care- 
ful consideration. The committee reeommended the method 
which it was felt would come nearest giving the same results 
when used by the various laboratories. 

When the different laboratories can check each other in kilo- 
volt values the subcommittee again will consider changing over 
to volts. Actually, we do not see why the use of the gap as a 
measure of impulse tests should be objected to as it fulfills its 
intended purpose very well indeed. 

The other points raised, including the question of detection of 
damage, ete., will be referred back to the subcommittee for 
further consideration. 
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In conclusion, the subeommittee appreciates very much the 
suggestions offered. It is felt that it is progressing along the 
right lines, and that the present proposals should be given one 
or two years trial before attempting to make any material 
changes. 

F. J. Vogel:* Mr. Brand has brought up the point that due 
to the relations of transformer insulation and the coordinating 


gaps at the very short time lags, the impression may be obtained _ 


that the whole scheme of insulation coordination using gaps is 
of little value. -Mr. Brand has given important reasons why this 
impression is not justified. The original intent of the coordina- 
tion work was to provide coordination for traveling waves, and 
not direct strokes, as may be recalled from the original recom- 
mendation of reduced line insulation for one-half mile from the 
transformer. As Mr. Brand has stated, extremely steep fronted 
surges are not to be anticipated, because of distortion from corona 
loss, and also because of the lumped capacitance of the station 
and transformer. These views are confirmed by the remarks of 
Messrs. Fortescue, Peek, Putman and others. It is essential 
therefore to protect stations from direct strokes by ground 
wires, in which ease the present coordinating gaps will serve as 
real protection to the transformers and equipment if properly 
installed. 

Mr. Sporn has raised three points, which are discussed as 
follows: 

1. Strength Against Negative Waves. To the best of the writer’s 
knowledge, no data for the strength of transformer insulation 
against negative waves are or have been published. There are 
no data in the paper by Messrs. Montsinger, Lloyd and Clem for 
the strength of transformer insulation against negative waves. 
The statement is made in their paper that “‘polarity also affects 
the flashover, the negative wave usually requiring the higher 
voltage.’ No question of this statement is raised, as it is true 
usually, but exceptions do arise. Mr. Sporn does not feel that 
it is shown conclusively that the strength of transformer insula- 
tion is approximately the same for positive and negative waves. 
It always is a question as to the amount of data required to be 
conclusive. For the purpose of the paper, I believed the data 
provided to be sufficient, but it is proved further by tests I have 
made on transformers and other data not easily presented. 

However, reference to Fig. 9 of the paper will show that the 
negative points preponderate above the line and the positive 
below, and there is reason to believe that there is a slight differ- 
ence, possibly as much as 5 per cent in favor of the negative wave. 
Considering the variations in individual readings, it was not felt 
desirable to claim such a difference, and it was necessary to state 
that the results for negative and positive waves were only ap- 
proximately the same. 

2. Present 60-Cycle Tests. The surge strength of transformer 
major insulation and of the coordinating gaps has been deter- 
mined in the laboratory, both by tests:on insulation samples and 
in specific instances by tests on transformers. Mr. Sporn’s 
unsatisfactory experience can be explained in several ways. 
The paper specifically limits itself to major insulation, and it is 
possible that the windings of his transformers were relatively 
weak. Lightning arresters of various manufacture and age are 
not uniform in performance, and in all cases must be installed 
properly to be effective. Coordinating gaps must also be installed 
with due regard to location and grounding. Further than this, 
it has been shown possible with extremely short waves to cause 
simultaneous gap and bushing flashovers, and it requires no 
stretch of the imagination to explain a failure of the coordination 
system by a direct stroke of lightning. 

3. Lightning Arrester Recommendations. In former years 
laboratory data to show that lightning arresters were effective 
were not available. It is now a simple laboratory experiment to 
surge test a transformer and an arrester in parallel with the 
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coordinating gap, and show the relationships which are claimed. 
Whether an arrester is justified economically may be questioned 
in some instances, but that it will perform the function of pre- 
venting flashover of the coordinating gap in a transformer instal- 
lation can readily be demonstrated. 

Several have brought out the point that windings may not be 
insulated up to the level of the major insulation as determined by 
the 60-eycle standard disruptive tests. I had believed that I had 
placed special emphasis on this point. Nevertheless, the re- 
emphasis placed upon this point by Mr. Montsinger and Mr. 
Palueff cannot help but be beneficial. However, I would like to 
bring out the fact that the impulse ratios of all insulations, even 
under oil, are not the same, and that under no circumstances can 
the fact that a transformer has withstood the standard over- 
potential and induced tests be used as evidence of its surge 
strength. It is not always economical or desirable to design 
transformers with even approximately uniform surge voltage 
distributions, and this constitutes another reason for making 
surge tests on transformers. 

With reference to Mr. Montsinger’s discussion of the relative 
shapes of the coordiating gap and major insulation time lag 
curves below 2 microseconds, it does not appear that his generali- 
zation is safe. I have tested transformers and models at very 
short time lags against the coordinating gaps without insulation 
failure, which would indicate that the shape of the curves is not 
always as Mr. Montsinger shows. I believe, therefore, from these 
results and from the data on my curves, Fig. 3 and Fig. 5, that 
Mr. Montsinger’s tests and my own were not made on com- 
parable structures. Also, it is to be noted that the time of 2 
microseconds is not definitely stated, but it is stated as about 2 
microseconds. Reference to my Figs. 3 and 5 shows that the 
curves are flat down to about 2 microseconds, and that the 
closest relationships (allowing for the factor of safety) will exist 
at times somewhat less than 2 microseconds, depending on the 
voltage class, and also upon the construction used. Care was 
taken in the presentation of the data and analysis to make al- 
lowance for some variations, and not to make an exact statement 
which could not be shown generally to be true. 

It is pleasing that Mr. Montsinger has come as closely as he 
did in checking my proposals for test voltages in the lower 
voltage classes, considering the present differences in laboratory 
results and methods. 

V. M. Montsinger, W. L. Lloyd, Jr. and J. E. Clem: In 
connection with Mr. Putman’s criticism of the statement that 
the gap is considered as a device for setting a maximum to the 
voltage which may be applied to the station apparatus, we can 
not see why this statement is criticised because even though the 
gap does chop the wave it certainly limits the incoming voltage 
to a lower level than if it were not present. The word ‘‘limit’’ 
does not necessarily mean that it maintains the voltage at a 
constant kilovolt value regardless of wave shape. 


In his remarks about the coordination gap not being a pro- 
tective device, Mr. Putman indicates that he has missed the 
point entirely, while Messrs. Sels and Beck agree with the 
authors: The requirements of ideal protective equipment 
needed can be formulated without reference to transformers. 
They are: (1) goes into operation at a voltage in excess of the 
operating voltage; (2) maintains a liberal margin below the 
strength of the apparatus; (8) does not cause any additional 
voltage strains, either of magnitude or gradient; (4) does not 
cause a system outage; and (5) is not damaged itself. The plain 
gap has been tried and found wanting in some of these respects. 
The coordination gap serves as a basis of design and test at the 
factory and in the field as a measure of the minimum protection 
required. The choice of the protective equipment must rest 
with the purchaser who is responsible for the safe and successful 
operation of the apparatus. 


Mr. Putman criticises our wording on protection offered by 
sphere gaps. What the paper really says is that by using the 
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sphere gap a more nearly constant factor of safety is maintained 
throughout the range of waves than if only a rod gap is used. 
We do not believe that Mr. Putman can question this statement. 


In connection with the suggestion that it would be better to 
locate the coordination gap some distance away from the trans- 
former we believe that two gaps are preferable, the one further 
away being set slightly higher than the one near the transformers. 
Taking everything into consideration it is quite desirable to 
have at least one gap as near the transformer as possible. 


Mr. Sels suggests the use of sphere gaps for impulse testing of 
transformers on the basis that the time lag curve of the sphere 
gap is more nearly the same as that of the transformer interior 
than is the time lag curve of the coordination rod gap. Thisis a 
good argument and one which cannot lightly be cast aside. 
However, since the time lag curve of line and bus insulators is 
more nearly the same as that of the rod gap, it seems better to 
use a rod gap for the measurement of the test voltage. However, 
should a design of coordination gap be worked out using a sphere 
gap in parallel with a rod gap then it would be quite logical to 
make the impulse test with such a gap. 


We agree with Mr. Sels that the coordinating gap has one 
undesirable feature; namely, it produces tripouts, and to avoid 
this we recommend the use of lightning arresters which are in- 
tended to prevent the gap flashing over. 


We feel quite sure that Mr. Sporn’s ideas and ours in regard 
to the establishment of a uniform level of station insulation are 
identical. The major parts of the station insulation consist of 
the bus supports, disconnecting switch insulators and apparatus 
bushings. A bus short-circuit can be just as disastrous when it 
is initiated by the flashover of an apparatus bushing as it is 
when caused by flashover of the bus insulator itself. Therefore, 
nothing is gained by increasing the flashover of the bus insulation 
if flashover of apparatus bushings can cause a bus short-cireuit. 
However, if the apparatus bushings can flash over without caus- 
ing a bus short-circuit, it is obvious that short-circuit can be 
prevented by increasing the bus insulation. No doubt this is 
the situation which Mr. Sporn has in mind. 


In answer to Mr. Sporn’s question (3): briefly, a cable will be 
a protective device when its capacitance is such that it can reduce 
the erest of the surge and its front to values that are harmless to 
the connected apparatus. This question has been fully discussed 
in a paper entitled Traveling Wave Voltages and Cables by 
Brinton, Buller and Rudge and the discussion by Clem published 
in the Transactions, March 1933 on pages 121 and 129. 


Mr. Sporn again raises the question as to why coordination is 
. not as yet made exclusively on the basis of volts. Of course, this 
is the logical course and is the goal toward which we are all 
working. At present, however, it is quite clear that the rod gap 
is the best means of getting along. The reasons for this have 
been given in the paper. 

Mr. Vogel cites the case where the impulse ratio of varnished 
cambrie is somewhat lower than that of pressboard and oil in 
series, which was used in his replica of major insulation and in 
the insulation barrier cited in our paper. While it is true that 
the impulse ratio is not always the same for various materials 
the insulations used in our transformers for major insulation are 
generally herkolite cylinders and herkolite flanged collars or 
pressboard employed on the outside of the windings for shields, 
ete. These materials have approximately the same impulse 
ratio. Wedo not depend on varnish cambrie for major insulation. 


In connection with determining the time lag of the sphere gap 
shown in Fig. 2 the voltage values shown obviously were not 
taken by a sphere gap but were determined by the divider 
deflection. The divider resistance ratio was not used but the 
ratio was determined by independent sphere gap calibration, 
It is true that in making these measurements a great deal of care 
was necessary to overcome errors due to corona so that the sepecal 
divider had a very high degree of fidelity. 
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As stated in the discussion of Mr. Vogel’s paper the impulse 
value of 2.35 was obtained on other insulation and winding 
set-ups long before the tests were made on the particular barrier 
as cited in the paper. 

It does not seem that Mr. Vogel is very consistent in advocating 
that the lowest values should be given the most weight when he 
found an impulse ratio of 1.63 for the varnished cambric, and at 
the same time gives an impulse ratio of 2.2. Mr. Vogel does not 
make himself very clear where he states that ‘for shorter and 
shorter time lags the impulse ratios of all elements approach 
infinity, and infinity over infinity is rather an indefinite inde- 
terminate ratio to use to determine the factor of safety.’”’ The 
impulse ratio as generally understood for solid insulation is the 
ratio of the impulse breakdown divided by the 60-cycle one- 
minute breakdown kilovolt. We agree with Mr. Vogel’s sug- 
gestion and our paper states that the ground wire protection 
should be provided over stations as a protection from direct 
strokes. However, there are some fairly high voltage outlying 
stations where the expense required to provide either lightning 
arresters or overhead ground wire protection cannot be justified. 
Our suggestion is that for these cases the next best thing is to 
provide a combination coordination gap which has volt-time 
characteristics similar to transformer insulation, thereby main- 
taining a more constant factor of safety regardless of the light- 
ning wave shape. 

We also agree with Mr. Vogel’s suggestion that the combina- 
tion protective device gap should be protected by a lightning 
arrester. This device then not only protects the transformer but 
protects service from outages. He points out, that in Table IV 
the ordinary sphere gap is impractical due to its size. For 220-kv 
circuits it may be impractical to use one meter spheres but for 
circuits of 138.5 kv and below the sizes of spheres required do 
not appear to be impractical at all. However, it is practicable to 
get sphere gap protection for any voltage by using several small 
spheres in series as mentioned in the paper and as outlined in 
Mr. Palueff’s discussion. 

In connection with Mr. Vogel’s criticism of Table V we would 
again like to emphasize the point that we can make no definite 
claims for any protective device under the most severe direct 
stroke but that the use of the sphere in combination with a rod 
gap certainly will tend to maintain a more constant factor of 
safety and it is this feature which makes the sphere gap look 
promising. 

‘The terms ‘outdoor’ and “indoor” versus “exposed” and 
‘“inexposed”’ have their advantages and disadvantages. We con- 
sidered that the terms outdoor and indoor were preferable, but 
we are open to suggestions for better terminology. 

The value of 4 in. given in Table I for 13,200 volts is incorrect. 
It should be 41% in. on the basis that 13,200-volt equipment is 
in the 15,000-volt class. 

With reference to Fig. 4, curve D represents the equivalent rod 
gap of our present power transformer bushings. Curve C is 
proposed as a standard level. If power transformer bushings 
can be brought down to level C without considerably decreasing 
the 60-cycle wet flashover values by means of a gap, it may be 
found possible in the future to line up all transformers with 
eurve C. Mr. Vogel apparently objects to gaps on bushings for 
two or three reasons, none of which we believe are really good 
reasons. We would eall Mr. Vogel’s attention to the fact that 
it is now and has been standard practise for several years for 
some of the European manufacturers to gap all of their bushings, 
these gaps being provided primarily as a protection to the poree- 
lain in ease of power ares. If the impulse flashover of bushings 
is to be standardized, and there does not seem to be any question 
but that they should be, the use of gaps will become an absolute 
necessity to take care of length variations in bushings of different 
manufacturers. They should be welcomed by both manufac- 
turers and operators. 

We agree with Mr. Beck’s suggestion that the use of a light- 
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ning arrester in combination with a coordination gap is very 
desirable because it flattens out the wave and acts more nearly 
like a sphere gap in this respect. This is true particularly of 
modern thyrite arresters. However, we do not believe that the 
manufacturer of either autovalves or thyrite arresters will claim 
that even a modern arrester can always handle the most severe 
direct strokes. It is for this reason that it is suggested that the 
sphere gap might be used to advantage where ground wire and 
direct stroke protection is not practical. While the paper states 
that the best sphere gap protection can be provided with covered 
spheres yet it is not absolutely necessary in all cases that the 
spheres be covered to give considerable added protection. As 
pointed out in the paper the low frequency flashover can be 
held under rain conditions to with 3/4 to 4 times normal voltage 
with uncovered spheres. Under dry conditions this corresponds 
to about 8 times normal voltage. It is shown that even with this 
setting considerable protection is offered for really steep front 
waves. Mr. Beck suggests the use of the gaps patented by 
Alleutt some years ago. Our paper points out the possibilities 
of using two or more gaps in series shunted by capacitance and 
resistance. While these special combination gaps may be used, 
our tests indicate that in view of the very close agreement in the 
volt-time characteristics of the sphere gap and insulation from 
the standpoint of maintaining a constant factor of safety there 
is no gap better than the sphere gap for this purpose. 


Mr. Fielder questions the accuracy of the humidity correction 
curves as determined from the data points given in Figs. 7 and 
9. The actual slope of the curves was determined not with the 
few points listed, but with a very large number of points taken 
under slightly different conditions. Therefore, the slope of the 
curves was fairly accurately determined. A large amount of 
data for negative polarity has been obtained and nothing to date 
indicates that the humidity correction for negative polarity is 
different from the corrections for positive polarity. The same 
corrections have been used for both. Should additional data 


indicate the desirability for modifying the values Pep we, 


will, of course, make the necessary changes. 


We have believed in the past and still have every reason to 
believe that the sphere gap is sufficiently accurate for impulse 
voltage measurements when the crest voltage of the test waves 
that are in use at the present time are being measured. The 
time-lag of the sphere gap as indicated in Fig. 2 was obtained by 
applying overvoltage to the spheres: they were arcing on the 
rising front of the wave which reached a crest value in 1.5 psec. 
The curve was obtained by comparing the oscillogram defiec- 
tions of the sphere arcing on the front of the wave with deflections 
obtained with the spheres arcing on the crest of the wave. Volt- 
age as measured by the oscillograph is considered accurate when 
it is referred to sphere breakdowns on the crest of the waves at 
approximately the same voltage. It is felt, however, that the 
ohmic ratio of the oscillograph voltage divider can not be used by 
itself to obtain kilovolt values since the effective ratio changes 
throughout the wide range of test voltages; and changes with the 
wave shape. 


Mr. Monteith points out that data obtained from the United 
States Weather Bureau indicates that humidities as high as 914 
grains per cubic foot have been recorded. This fact is not 
questioned. We do not feel that it is either necessary or economi- 
cally advisable to increase the insulation and accordingly the 
cost of apparatus to take care of these few exceptional cases. 
If the industry desires this extra insulation the manufacturer 
certainly will have no objection. 


Mr. Monteith’s curves showing glaring inconsistencies in 
equivalent gap spacings, emphasize a point which is somewhat 
outside the scope of this paper and that is—laboratory practise 
and technique should be standardized. If the different labora- 
tories can not agree any closer on these equivalent gaps than 
indicated by Mr. Monteith it is no wonder that they do not agree 
on kilovolt values. The trouble apparently is not with the gaps 
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but with the methods of making the tests. These large differences 
emphasize the need of some simple method of defining insulation 
levels. There is nothing more simple than an air gap. 

Mr. Monteith’s suggestion of the use of kilovolt values plus 
a correction factor for humidity is of course contingent on the 
ability of the laboratories being able to get the same kilovolt for 
the same test piece. 

The authors of this paper are rather surprised to note that 
the burden of defending the action of the Transformer Sub- 
Committee recommending the use of the point gap for coordina- 
tion purposes has fallen on them. In view of the discussions 
presented, the authors feel it desirable to express their views 
which are as follows: 

1. The logical basis of expressing the impulse strength is in 
kilovolts. 

2. The method standardized by the Institute for measuring 
voltages is the sphere gap. 

3. Since one large manufacturer (see discussion by Fielder) 
does not use the sphere gap, difference in the value of kilovolt 
given for the flashover of this same test piece has resulted. 

4. In spite of this difficulty it is necessary that the industry 
carry on. 

5. The use of the point gap with the flashover value expressed 
in inches rather than in kilovolt offered an expedient for establish- 
ing the design and test level of transformers to tide us over until 
such time as kilovolts could be used. 

6. The use of the point gap with the flashover value expressed 
in inches minimizes the effect of slight differences in wave shape, 
and the effects of atmospheric conditions. 

7. It is believed that impulse testing of transformers should 
be based on the rod gap until the technique of, the different 
laboratories can be standardized to the point where the same 
kilovolt for the same test piece will be given by all laboratories 
for the 0.5/5 wave as well as for the 1.5/40 wave. 

C. F. Harding and C.S. Sprague: Within the last few years 
much progress has been made in the field of surge protection of 
the lower voltage distribution transformers, both in the modifica- 
tion of the design, and in the methods of protection employed in 
service. Except for statistical records kept by a few of the larger 
operating companies, this phase of lightning protection was more 
or less neglected until comparatively recently. However, the 
results of the researches of the last few years, and the coopera- 
tion of the transformer manufacturers in modifying the designs 
for improved surge-resisting characteristics, indicate that a prac- 
tically surge-proof distribution transformer is now an accom- 
plished fact. 

It is gratifying to note, in the discussion by Mr. D. W. Roper, 
that the interconnection of the secondary neutral and lightning 
arrester ground, which was strongly recommended in several 
papers, including those of the authors of this paper, at the winter 
convention of January 1932, has been showing up so well in the 
cases where this “‘interconnection”’ was made. 

Referring to Mr. Hodnette’s limitations of the favorable use of 
the interconnection of the secondary neutral to the primary 
lightning arrester ground, it should be noted that the necessity 
of multiple low resistance secondary grounds was emphasized 
in our paper. His general limitation of such an interconnection 
in cases making use of delta-connected power secondaries may be 
unnecessarily rigorous, however, since such secondaries with the 
mid-point of one phase grounded, in accordance with Chicago 
practise, represented one of the most favorable protective appli- 
cations of the interconnections tested. The use of secondary 
arresters is recommended to avoid excessively unbalanced po- 
tentials in this case. Considerable protection is provided by the 
interconnection, however, without these arresters. 

The discussion by Mr. Opsahl would represent a correct inter- 
pretation of the two oscillograms presented in the paper if a 
failure of insulation to ground were under consideration but the 
type of failure of insulation reported in our paper, 7.e., ‘‘primary 
winding. . . broken down between turns or layers’’ was not only 
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apparent from the comparison of Figs. 5 and 9 of our paper but 
more forcefully evidenced in the many other oscillograms of these 
same tests not available for the paper, several of which are repro- 
duced in Bulletin No. 42 upon this subject recently published by 
the Engineering Experiment Station of Purdue University. 

Table I of the paper indicated the protective features of 
normally-operating arresters with several makes of transformers. 
It should be noted that the arrester connection used was equiva- 
lent to the use of the interconnection in service, and that under 
this condition, a good protective factor of safety was obtained 
even with some of the older-style dirt-covered transformers. 

Data were presented in the paper on the wet and dry, surge and 
60-cyele flashover values of the bushings of various makes of 
transformers. It is believed that data of this type, although 
known to manufacturers, are helpful to and desired by the various 
operating companies, which are not usually in a position to be 
well informed on the comparative merits of various transformers. 
Such, therefore, was the principal purpose of this paper. 

R. W. Weiseman: The limitations of protecting a machine 
with a series inductance at the machine terminals as outlined by 
Mr. E. M. Hunter are in agreement with our paper. 

Messrs. Palueff and Treat emphasized the need of machine 
protection even though the machine is insulated from the line 
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by a transformer. In fact as we look back over the past per- 
formance of machines that we thought were protected by trans- 
formers, it was perhaps more good luck than good management 
that more failures on these machines were not encountered. 

With reference to Mr. J. F. Calvert’s questions in regard to 
the impulse test data, tests were made on machines with the 
rotor in the stator and with the rotor out of the stator. All tests 
were made on machines with multiturn coils. The voltage of the 
machines tested included the complete range of machine voltages 
and the slots of the machines did not have similar proportions. 
We are not in agreement with Mr. Calvert’s statement that the 
transmission line theory will give moderately accurate voltage 
data at the ends of the winding, but no accuracy at all for other 
points in the winding. The voltage to ground taken at regular 
intervals along the winding by a cathode ray oscillograph proved 
conclusively that the errors involved in this method of caleulating 
the voltage to ground are very small. 

In conelusion we emphasize the fact that the benefits of 
rotating machine protection will be realized only when the pro- 
tective equipment is installed with the machine. In other words, 
we can’t expect protective apparatus to rejuvenate an armature 
winding after it has been subjected to and perhaps weakened by 
surge voltages for a number of years. 


Recommendations for Impulse Voltage Testing” 


Synopsis.—M uch of the data on impulse voltage testing of insula- 
tors and insulation which has been given out in the past has been 
obtained on a basis that renders it of little value for purposes of com- 
parison and coordination. To clarify this sitwation the lightning and 
insulator subcommittee of the A.I.E.E. power transmission and 
distribution committee has conducted a study, the results of which 
are reported in this article. In this report the committee: outlines 
the present status of impulse voltage characteristic data for insula- 


tion; recommends a set of preferred test waves for laboratory use, 
discussing the use of these waves and test procedure with a new to 
obtaining comparable and coordinated characteristics of insulation; 
points out some of the limitations in securing impulse voltage 
characteristic data, and in the effective use of this data; and indicates 
the necessity for obtaining impulse data on a logical, accurate, and 


common basis, pointing out the benefits to be derived therefrom. 
* * * * * 


MPULSE flashover data on insulators, which some 

10 years or so ago could be secured in only 1 or 2 

laboratories, today are obtainable in some 6 or 8 
laboratories in this country. In addition at least 2 elec- 
tric utilities now own and operate their own lightning 
generators. With this increase in the number of light- 
ning laboratories, it was found that the data obtained 
and given out were not comparable, apparently because 
of the different types of lightning generators and circuits 
employed and the varying test conditions and setups, 
and particularly because of the different shapes of the 
impulse waves employed. These varying data were 
interesting so far as they showed that the impulse volt- 
age characteristics of insulators were different from 
the 60-cycle voltage characteristics; however, the major 
possible benefit that might have been obtained from 
such data was vitiated because the data could not be 
applied directly in any design or application work, 
since no means of checking or determining their ac- 
curacy and reliability were available. Practically no 2 
sets of data from 2 different laboratories were obtained 
on a common and comparable basis. 

Intensive field research on natural lightning and 
the invention of the cathode ray oscillograph made 
possible 2 things: 


1. Approximate determinations of the voltage wave shapes 
produced on transmission lines by natural lightning. 

2. A determination in the laboratory of both the actual shape 
of the applied voltage wave and the point on the voltage wave 
where insulation breakdown occurs. 


Both of these factors, wave shape and point of break- 
down, or time, must be considered to obtain a com- 
plete and effective application of impulse test data. 
It is now known that the polarity of the impulse 
wave, barometric pressure, and also the humidity 
of the air, affect the insulator impulse sparkover; it is 
known further that these factors affect different types 
of insulators to a different degree. While in some 
cases these factors have small influence on sparkover 


*A report prepared by the lightning and insulator subecom- 
mittee of the A.I.E.E. power transmission and distribution 
committee. 
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H. H. Spencer, I. W. Gross, H. L. Melvin. 
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values, the effect may be great enough to prevent 
successful coordination or grading of insulation within 
practical and economical limitations, if the variations 
are not considered and properly allowed for. 


PREFERRED TEST WAVES — 


It must be evident from the foregoing, that present 
data on impulse characteristics of insulators, pro- 
tective gaps, etc., are available in such an incomplete 
form that they cannot readily be applied and used 
by those responsible for the design and successful 
operation of transmission and distribution systems 
and associated apparatus. It is the hope of the com- 
mittee that the test waves and test procedure recom- 
mended here will be adopted generally, and will 
result in more rapid progress being made in the future 
in the accumulation of impulse data on a common, 
accurate, and comparable basis. It is hoped that 
this in turn will make possible the intelligent utiliza- _ 
tion of these impulse data in the art of generation, 
transmission, and distribution of electric energy so 
that both the power industry and the industries 
associated with it will benefit. © 

In order that the lightning flashover and puncture 
strengths of insulating members may be determined 
properly, the following are required: 


1. Impulse test waves of definite and known shape. 

2. The use of a sufficient number of wave shapes to allow 
lightning conditions in the field to be simulated at least approxi- 
mately. 

3. The use of wave shapes reproducible in laboratories within 
reasonable limits. 


This committee recommends, therefore, that as 
far as possible, the impulse strengths of insulating 
members be determined from tests made with the 
following 3 wave shapes: 


1x5 sec 1x10 Msee 11x40 sec 


The first number in each designation indicates the 
length of the wave front in microseconds measured 
from zero voltage to the crest of the wave; the second 
number is the designated length in microseconds 
measured from zero voltage to that point on the wave 
tail at which the voltage is equal to half crest voltage. 
The reasons for designating that both the fronts and 
lengths be measured from zero voltage are: (1) the 
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usual equations for impulse circuits determine time 
from the zero point; and (2) so that a common basis 
of reference may be established. The 1x5-usec wave 
is recommended to replace the 14x5-usec wave recom- 
mended in the 1931-82 report of this committee because 
of difficulties encountered in securing the 14x5-sec 
wave in all laboratories. 


Field records have shown lightning waves to have 
fronts and lengths varying over an extremely wide 
range; it is believed, however, that the 3 recommended 
wave shapes cover a range sufficiently broad to meet, 
as well as is practicable in the laboratory, the require- 
ments for determining insulation breakdown character- 
istics for natural lightning. The committee does not 
recommend that every laboratory impulse test be 
conducted with all 3 waves, but that when test waves 
are being selected, preference be given to one or more 
of these 3 so that the results can be compared and used 
on a common basis. In choosing these 3 waves, con- 
sideration was given as to whether or not they could 
be produced satisfactorily and consistently in the 
various laboratories. Wave fronts shorter than one 
microsecond have been used in the past, but it was 
felt that one microsecond should be the established 
lower limit. The reason for this is that while satis- 
factory wave fronts of a fraction of a microsecond 
can be produced at the lower voltages, it is prac- 
tically impossible to secure them at the upper volt- 
age limits of some of the present-day lightning genera- 
tors. The ability to impose a potential of several 
millions of volts upon a test piece and its lead from 
the lightning generator within a fraction of a micro- 
second without excessive and indiscernible oscilla- 
tions can be questioned. The insertion of series re- 
sistance in the test circuit to check the oscillations 
results in lengthening the wave front to the order of 
a microsecond, and sometimes even longer. Be- 
cause of the decreased damping effect of the high 
shunt resistance required for the longer waves greater 
series resistance is necessary to prevent oscillations 
on the front and crest of the wave. It is for these 
reasons that the 114-usec front was chosen for the 
4(0-usec wave. 


The wisdom of suppressing wave front oscillations 
in the manner indicated might be questioned by 
some, because in some cases lightning surges them- 
selves may lack the proper circuit constants to elimi- 
nate oscillations on their fronts. In the laboratory, 
however, while it is essential to simulate lightning 
wave shapes as closely as possible, it is equally im- 
portant that definite test waves be adopted which 
can be reproduced, measured, and recorded with 
reasonable accuracy. Not only are impulse waves 
with imposed oscillations of an appreciable magnitude 
difficult to duplicate consistently even on the same 
impulse generator, but also sphere gap measurements 
and oscillographic reproductions of such waves taken 
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These oscillograms have time to half crest voltage indicated from the 
crest, rather than from the zero point as recommended by the Committee 


Fig. 1—OscittoGrams or WAVES SIMILAR TO THE 3 RECOM- 
MENDED W AVES, AS OBTAINED IN A TyPrIcaAL LABORATORY 
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on the low voltage taps of potentiometers usually 
involve serious inaccuracies. 

In recommending the 8 preferred test waves it 
has been necessary to compromise between the steepest 
and longest-tailed lightning waves so far observed 
on transmission lines, and the waves that can be ob- 
tained practically on insulation in a laboratory. That 
the recommended waves can be obtained in the labora- 
tory is shown by actual oscillograms of impulse waves 
reproduced in Fig. 1. Similar waves have been obtained 
in other recognized laboratories. In Figs. 2, 3, and 4 
are shown, in full lines, the 3 recommended test waves 
calculated from the circuit constants of the lightning 
generator. The dotted lines show the same 3 waves 
obtained by joining with straight lines the points 
actually specified in the definition of the waves. 

Impulse wave shapes proposed or recommended 
by other A.I.E.E. committees also have been con- 
sidered in an attempt to coordinate the several test 
waves in use. The transformer subcommittee of 
the electrical machinery committee has_ selected 
tentatively a 1)% x 40-usec wave for impulse tests 
to be applied to transformers. (See progress report 
on Impulse Testing on Commercial Transformers, 
by Vogel and Montsinger, p. 409 of this issue.) 
Impulse waves recommended for lightning arrester 
testing by the lightning arrester subcommittee are 
defined both by rate of rise of the front and also by 
their ability to produce current through the arrester 
after the arrester comes into action. Such impulse 
waves cannot be used to give the desired information 
in insulator testing because: first, the voltage character- 
istics of the tail of the wave are not defined (tail of 
wave sparkover is an important factor in insulator 
testing); and second, it is impractical to obtain in the 
laboratory a constant rate of voltage rise, as the crest 
voltage of the test wave is altered successively in 
testing various types and sizes of insulators. © 

It is evident from the foregoing that the 3 pre- 
ferred test waves recommended have been coordi- 
nated so far as is possible and practical with: 


1. Natural lightning effects on transmission systems. 

2. Reproducibility of these test waves in the laboratory. 

3. Test waves proposed for impulse testing by other A.I.E.E. 
committees. 
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TECHNIQUE AND PRECAUTIONS IN IMPULSE TESTING 


Although the 3 wave shapes recommended are 
defined simply by front and tail characteristics, some 
difficulties may be met in producing them in the 
laboratory and in applying them to test work, if 
considerable care and precautions are not taken. 
The subject of impulse testing technique was dis- 
cussed in 2 papers in 1932: Characteristic of Surge 
Generators for Transformer Testing, by Bellaschi, 
A.IE.E. paper No. 32-87 and “Impulse Testing 
Technique,” by Foust, Kuehni, and Rohats, G.H. Re- 
view, v. 385, p. 358, 19382. Two additional papers 
were presented at the 1933 A.I.E.E. winter con- 
vention: Laboratory Measurement of Impulse Volt- 
ages, by Dowell and Foust, page 587 of this issue; 
and Measurement of High Surge Voltages, by Bella- 
schi, page 544 of this issue. The lightning and insula- 
tor subcommittee commends the full and frank pres- 
entation of such discussions. 

It is recognized that conditions under which the 
various laboratories must work are not at all identi- 
cal, and that improvements constantly are being 
made in testing apparatus and methods. This com- 
mittee, therefore, does not contemplate the standardi- 
zation of test equipments, circuits, or methods. Rather, 
it is intended that the design and selection of testing 
equipment, the analysis of discharge-circuit current 
and voltage conditions, and the selection of test 
methods, be placed on such a basis as to leave no doubt 
that conditions of voltage application to the sample 
being tested are known thoroughly and are demon- 
strable. For this purpose the following recommendations 
are made: 


TESTING RECOMMENDATIONS 


1. Use only testing equipments and circuit arrangements that 
can be analyzed readily as regards the location and amounts of 
capacitance, inductance, resistance, and conductance constants 
present, all of which have an appreciable effect on the shape of 
the voltage wave applied to the test specimen. 

2. Measure with reasonable accuracy such circuit constants as 
indicated in item 1. 

3. Calculate voltage wave shape at the sample under test. 

4. Take cathode ray oscillograms of wave shapes applied to the 
sample under test. 

5. Compare the calculated voltage waves with the waves ob- 
tained in oscillograms. 
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6. Adopt such testing technique as is best suited to the testing 
equipment being used and the sample being tested. 


7. Inelude with test results all details regarding each of the 
previous 6 items, such as will bear full evidence that testing con- 
ditions are thoroughly known and fully demonstrable. 


8. Wherever possible, make impulse tests with both positive 
and negative applied voltage. 


MEASURING SPHERE GAP 


The measuring sphere gap, which commonly is 
used as the primary standard for determining the 
applied impulse voltage, should be selected in ac- 
cordance with A.J.E.E. STANDARD No. 4. These 
standards apply to spheres up to 750 mm in diameter 
and to rms voltages up to 900 kv. At present there 
are no agreed-upon standards for spheres larger than 
750 mm, although in several laboratories such spheres 
are in use and higher voltages are being measured 
by reference to calibration curves from different sources. 
It is recommended that the appropriate Institute 
committee take steps to extend the sphere gap cali- 
brations. 


STANDARD TEMPERATURE, PRESSURE, AND HUMIDITY 


All test results obtained under prevailing tem- 
peratures, barometric pressure, and humidity con- 
ditions, should be corrected to the following standard 
conditions: 


Temperature......... 77 deg F (25 deg C) 
Barometric pressure. ..29.9 in. (760 mm) of mercury 


(EEREILCb Vests er ek on That corresponding to a vapor pressure 
of 0.6085 in. (15.45 mm) of mereury 
(65% relative humidity at 77 deg F, 
and barometric pressure of 29.9 in.) 


Sphere gap and sparkover voltages should be cor- 
rected to standard atmospheric conditions of tempera- 
ture and pressure by the use of the air density correction 
- factors given in A.I.E.E. STANDARD No. 4. It is 
assumed that there is no humidity correction for 
sphere gaps. 

The test piece flashover voltage should be cor- 
rected to standard atmospheric conditions of tem- 
perature and pressure by the use of the relative air 
density correction factors given in A.J.E.E. STANDARD 
No. 4. Although air density correction factors would 
be somewhat more accurate, such factors have not 
been established for the various types of insulators and 
gaps. 

Humidity correction, based on vapor pressure as 
discussed in A.J.E.E. STANDARD No. 41, must be 
determined from data accumulated on different types 
of insulators and gaps. Since correction factors for 
humidity are not now generally available for impulse 
voltages, it is recommended that a record always be 
made of the existing humidity, so that later the data 
may be corrected to a standard humidity condition. 
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TOLERANCES OF MEASUREMENTS 


Since the practical application of impulse data 
on insulation involves, in most cases, the accuracy 
of the measurements, it is important that the pos- 
sible and probable limits of this accuracy be known. 
It is recommended, therefore, that all impulse test 
data be accompanied by a statement of both the 
estimated possible and probable errors in magni- 
tudes of voltage and time. 

At present it is believed that discrepancies in 
the average sparkover voltage as obtained in dif- 
ferent laboratories may be as great as 20 per cent 
on tests made with the short wave, and 5 per cent 
with the two longer waves; also in any one labora- 
tory individual values vary + 5 per cent from the 
average values. A better understanding and: appli- 


cation of laboratory technique and test equipment 


promises, for the future, an appreciable reduction 
in these overall tolerances. 
PRACTICAL APPLICATION OF IMPULSE DATA 


The purpose of obtaining flashover characteristics 
of any insulation is, of course, to determine its elec- 
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FLASHOVER CHARACTER- 
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trical strength. In the past the electrical strength 
of insulation has been judged by its 60-cycle flash- 
over voltage. To-day it is recognized that lightning 
or impulse surges cause the greatest number of line 
flashovers; therefore, it is important to know the 
impulse flashover characteristic of the insulation. 

One of the chief uses of information on the im- 
pulse flashover of insulators is for comparison pur- 
poses in the choice of insulation for proper coordi- 
nation. Exact impulse characteristics of the insu- 
lation must be known if proper levels of insulation 
are to be established. To coordinate insulation properly 
throughout the entire range of impulses which might 
appear in practise, it is necessary to know more than 
the flashover value of the insulation at one point of 
one particular impulse wave. 

At present, there are several ways of obtaining 
a nearly complete picture of the impulse charac- 
teristics of insulation. One of the most desirable 
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of these is by determining what may be called the 
volt-time characteristic of the insulator. Volt-time 
characteristic curves may be obtained by applying 
an impulse potential across the insulator and deter- 
mining the time required for flashover. Succeeding 
applications of voltage are made with different crest 
voltages, the time to flashover being determined for 
each application. The crest value of impressed voltage 
and its corresponding time to flashover then is plotted 
as shown in Fig. 5. 

While theoretically this method of obtaining volt- 
time curves is highly desirable, it is impractical be- 
cause in any laboratory where cost of equipment 
is a factor, it is impossible to obtain a square front 
flat top wave. However, the type of curve shown 
in Fig.*5, may be approximated by impulse waves, 
such as those shown in Figs. 6 and 7. In Fig. 6, a 
single wave shape is used at different amplitudes 
and all breakdowns are on the tail of the wave. In 
Fig. 7, all breakdowns are taken on uniformly rising 
wave fronts, the front being changed for each voltage 
application. 
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Another way of obtaining impulse characteristics 
of an insulator over wide ranges of time is to use 
waves of different shapes and determine by repeated 
application the minimum voltage which will just 
cause sparkover. This is called the minimum wave, 
50-per cent sparkover method, that is, the minimum 
voltage which on being applied to the insulator, will 
cause sparkover half of the time. This method could 
well employ the 3 test waves recommended in this 
report, and does not require the continuous use of 
an oscillograph. The method becomes more accurate 
as the number of waves is increased. 

It must be recognized that characteristic curves 
obtained by the 2 methods described are not com- 
parable; that is, data obtained with the 50-per cent 
sparkover method will not have the same character- 
istics as data obtained with the methods illustrated 
in Figs.6 and 7. At present, laboratory data available 
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are insufficient to allow greater significance to be 
attached to one of these methods rather than to any 
other. Sufficient data should be obtained by the 
different methods to permit definite conclusions to be 
drawn as to the value of each method. 

A survey of data already accumulated indicates 
that considerable information is available regard- 
ing the impulse flashover characteristics of various 
types and forms of insulation. However, a large 
part of the data has been obtained either by methods 
now obsolete or on a basis which would not be com- 
parable with the methods outlined here, and par- 
ticularly on a basis such that data obtained in different 
laboratories are not comparable. Only in the past 
year or so can data published by the more important 
laboratories be used for insulation coordination, and 
then only on that particular basis on which the data 
have been secured. 

For the foregoing reasons it is essential that im- 
pulse data be obtained on some fixed basis for ap- 
paratus such as insulators, bushings, gaps, and other 
insulating members. This fixed basis may well take 
the form of a volt-time curve such as those illustrated 
in Figs. 6 and 7. However, it is clear that the obtaining 
of comparable data on these bases requires the use oe re 
definite wave or group of waves. 

Since both positive and negative waves are found 
on transmission lines, it is important in the labora- 
tory to obtain impulse data for both polarities. Much 
of the earlier impulse data have been obtained with- 
out particular regard to polarity; consequently, the 
averaged values may lie between the positive and 
negative flashover values of that insulation. More 
recently testing has been done on a basis in which 
only one wave is used, either the positive or the nega- 
tive. Since it was recognized that the positive impulse 
sparkover voltages were lower than the negative, it 
was decided to obtain the impulse information by 
using principally the positive wave. For complete 
and reliable coordination, however, it is necessary 
to have both positive and negative volt-time curves of 
all of the insulation involved. 

For comparative purposes throughout a wide range 
of possible impulse voltages found in practise, the 
volt-time characteristics of an insulator give the 
most complete and therefore the most desirable in- 
formation. By the use of these curves the relative 
behavior of 2 pieces of insulation subjected to impulse 
voltages can be predicted. For example, one form of 
insulator may have a characteristic curve as shown 
in curve B of Fig. 8, and a bushing may have the 
curve A characteristic; if the insulator and bushing 
are connected in parallel, the insulator will flash over, 
on the application of an impulse voltage, rather than 
the bushing. Predicting insulation breakdown on 
this basis is the ultimate aim of impulse testing. By 
this method the location of flashover of insulation 
can be controlled. 
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Coordination of insulation on the above basis may 
be expected to result in advantages as follows: 


1. Protection of expensive and important apparatus against 
the effects of lightning should be more complete than at present, 
even where lightning arresters now are used. 

2. Greater economy of system design should be possible with- 
out the danger of subjecting valuable apparatus to breakdown 
from lightning. 

3. Lower maintenance costs on station apparatus subject to 
the effects of lightning may be expected, since it should be possi- 
ble to prevent destructive impulse voltages from reaching that 
apparatus. 

4, Electric service as a whole should be improved, since by 
insulation coordination, it should be possible to control the loca- 
tion of lightning flashover on the system so as to result in a mini- 
mum of damage and service interruption. 


CONCLUSIONS 


Important points brought out in ‘this report and 
recommendations made by the lightning and insu- 
lator subcommittee may be summarized as follows: 


1. Impulse voltage characteristic data on insulation which have 
been obtained in various laboratories up to the present time, have 
been on such widely different bases that the effective use of this 
data has been almost impossible. 

2. The committee recommends 3 preferred impulse test waves, 
1x5, 1x10, and 1144x 40 usec, the use of which in all laboratories 
should result in comparable data being obtained on impulse 
characteristics of insulation. 

3. That these recommended test waves actually can be pro- 
duced in practise is demonstrated by the group of laboratory test 
waves, oscillograms of which are reproduced in this report. 

4. To insure insulation actually being subjected in the labora- 
tory to impulse voltages of known characteristics, a group of 
general recommendations for laboratory procedure have been 
made by the committee. 

5. It is reeommended that, wherever possible, oscillograms of 
the actual impulse wave or waves applied to insulation be ob- 
tained at the time of test. 

6. For the intelligent application of impulse data in actual 
practise, tolerances or accuracies obtainable in laboratory 
measurements should be taken into account. Failure to do so 
may affect greatly the successful coordination of insulation on 
an electric system. 

7. Complete information on the impulse characteristics of all 
insulating members of an electric system is necessary for proper 
coordination of insulation. This information is desirable in the 
form of volt-time curves, types of which are illustrated in this 
report. 


It is hoped that the recommendations made in 
this report will offer a basis for more rapidly ad- 
vancing the art of satisfactory insulation coordina- 
tion on the impulse basis so that all possible econo- 
mies in the design of electric systems and improve- 
ment in the service supplied by these systems may 
be actually realized. 


Discussion 


A. O. Austin: There are so many factors involved which affect 
the flashover values obtained under an impulse that the committee 
has done much in obtaining a fairly uniform agreement as to re- 
sults from most of the laboratories. The difference in equipment 
and the difficulty of obtaining uniformity with certain types of 
waves make it necessary that comparisons be made with waves 
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which ean be produced and which will give fairly uniform results 

in the various laboratories. Unless this can be done of course 

comparisons cannot be made with any degree of certainty. How- 
ever, it must be recognized that in operation a direct hit usually 

results in a very steep front in the immediate vicinity. Unfortu- 

nately impulses of this type are attended with oscillations and 

are more or less difficult to analyze and compare. 


Many systems probably do not have conditions imposed upon 
the equipment having any steeper fronts than the waves proposed. 
However, it will be found that protective apparatus must take 
into account waves of steeper front if protection is to be provided 
for direct hits in the immediate vicinity. A protecting gap which 
will provide protection to a bushing, bus insulator or other piece 
of insulation with wave fronts of 1 to 114 microseconds may have 
to be very materially reduced in order to provide protection for a 
direct hit in which the wave fronts may be very much less. In 
providing protecting equipment the flashover values and time 
lags may be quite different for the positive and negative impulses, 
hence the protecting gap should be adjustable so as to take this 
into account if protection is to be provided with a minimum of 
tripouts. 


It has been more or less common practise to equip bushings so 
that a discharge point or electrode could be attached to the top 
for reducing the flashover voltage on positive impulse and a dis- 
charge point applied at the flange to control the flashover under 
negative impulse. A protecting gap which can be adjusted not 
only to change the time lag but to regulate the time lag and 
flashover voltage for negative and positive impulses was pre- 
sented in a paper before the A.I.H.E. at the Milwaukee meeting 
in 1932}. 

F. D. Fielder: The committee has reeommended two general 
schemes for laboratory testing: the use of minimum flashovers on 
three different waves, and the use of time lag curves obtained 
with a long wave. It is noteworthy that besides showing insula- 
tion characteristics more completely, the time lag curve method 
is becoming more generally used. It seems logical that the use 
of three different shapes of waves be eliminated to conserve 
laboratory time, especially since it is possible that minimum 
filashover values with waves of different tails can be obtained 
from specific points of the more complete time lag curves. It is 
noted that volt-time curves are described for cases where the 
breakdown occurs on the rise of the wave. Those with laboratory 
experience will agree that this type of test is impractical at very 
high voltages, because of insulation difficulties with high voltage 
inductances. This method is not widely used at the present time 
for this reason. 

We neither approve nor care to accept the enumerated testing 
recommendations. Such a method is laborious, and certainly not 
conducive to precise impulse measurements. Calculations may 
have certain value, but when they have been once used to show 
the proper operation of the circuits, it seems needless to repeat 
them for every change of apparatus. In addition there is some 
question as to how rigorous methods of calculation should be. 

We also do not agree with the proposed use of the sphere gap 
as a primary standard. Although A.I.E.E. Standard No. 4 gives 
curves for spheres up to 750 mm, these curves apply only for 
commercial voltages, and they have not been experimentally 
checked for surges. Careful investigation shows that the curves 
do not check each other in parallel surge tests, and that positive 
and negative surge calibration curves differ. 

Peek has clearly defined the 44/5 wave as meaning a 14 
microsecond front and a 5 microsecond tail?. We also have used 
this designation for a number of years. There is no apparent ad- 
vantage in changing. The shorter wave resulting from the defi- 
nition proposed by the committee will mean greater surge genera- 
tor regulation. Also with this new wave, apparatus will have 


1. An Improved Type of Limiting Gap for Protecting Station Apparatus, 
by A. O. Austin, A.I.E-E. Trans., Sept. 1932, p. 676. 
2. A.J.E.E. Trans., October, 1930, p. 1460. 
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higher flashover voltages. Both factors decrease the apparatus 
testing range of a given surge generator. This point is very im- 
portant when it is necessary to use several hundred ohms series 
resistance to secure a reasonably smooth wave. For these reasons 
we do not approve of the change. 


The most pressing question regarding surge tests is the disa- 
greement in reported results from the different laboratories. It 
is believed that these differences should be the object of immedi- 
ate study. Rather than devise test codes and procedures and 
schemes for collecting data, there should be further concentrated 
study of the fundamentals of the problem. 


C. L. Fortescue: There is need for comment on the recom- 
mendations for impulse voltage testing put forward by the 
Lightning and Insulator Subcommittee. The three standard waves 
chosen are satisfactory for laboratory testing and are fairly 
representative of types of waves that may be expected to enter a 
substation connected with transmission lines. Where it is de- 
sired to find out the effect of very steep waves on insulators, gaps, 
and so forth, this can readily be done using a powerful surge 
generator by removing the damping resistors and applying the 
full value of the surge to the insulator string in which case flash- 
over will take place on the front of the wave at a low time lag 
and high impulse factor. Here the slope of the wave is of primary 
importance. The effect of oscillations which appear at the crest 
and tail of the wave are eliminated. The writer comments as 
follows on the proposed testing recommendations: The caleu- 
lation of the shape of the voltage wave applied to the test speci- 
men always is worth while but it should be recognized that even 
for the simplest circuit the solution at best is approximate. A 
rigorous solution is extremely difficult and the time required to 
carry it out would make it impracticable. In the writer’s opinion 
the cathode ray oscillogram used in connection with a reliable 
voltage divider is the best method of measuring the impulse 
voltage required to break down the piece under test and the time 
lag. There is some question as to the calibration of the sphere 
gap, except for gap settings less than the radius of the sphere. 


The writer regards the impulse time lag curves of insulators 
and spark gaps as giving their fundamental breakdown character- 
istics under surge conditions and has found that these curves 
can be used very effectively in determining the length of insulator 
strings, tower clearances, and ground wire to line wire spacings 
for the types of waves encountered when ground wires or towers 
are struck by lightning. It would be desirable to obtain these 
impulse time lag curves by using a wave more nearly approxi- 
mating a perpendicular flat topped wave. If the importance of 
the volt-time lag curve had been recogmized at the start, means 
might have been developed to obtain a more desirable wave for 
this purpose. However, the 1144-40 wave gives good practical 
results though the impulse ratios at the shorter time lags show up 
high since breakdown takes place at the front of the wave. It 
is not difficult to make allowance for this, at least for such ap- 
proximate calculations as are used in estimating the protection 
level of transmission lines. It is important that the laboratories 
should be encouraged to develop their technique in obtaining 
voltage time lag characteristics of insulators and spark gaps for 
these are fundamental data. 

The data obtained by the several laboratories are now fairly 
complete. A good part of these data secured by one of the 
laboratories is presented in the paper by Messrs. Montsinger, 
Lloyd and Clem (see page 417). An examination of these data 
will show, compared to Westinghouse data, that the corre- 
spondence is very close on the long wave impulse time lag curves 
but not so good on the short wave impulse time lag characteristics. 
It seems that the long wave testing gives less chance for variation 
due to technical differences in the various laboratories. In my 
opinion impulse time lag characteristics will give sufficient data 
for practical use in coordination of insulation. 

C. M. Foust: In spite of dealing with a rather difficult subject 
the committee has produced a report which is factually sound, 
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comprehensive and forward looking. In submitting a word of 
caution regarding volt-time breakdown curves, the writer be- 
lieves that the so-called minimum wave flashover volt-time curve 
as shown in Fig. 6 has been credited with a wide significance 
that cannot be demonstrated by existing data regarding practi- 
eal operating conditions or the mechanism of insulation break- 
down. Coordination of insulations on the basis of volt-time data 
from wave tail flashovers should be accepted as applying only to 
field conditions where the incoming waves are of just sufficient 
voltage amplitude to produce wave tail flashover. The same time- 
voltage relationship does not hold for other conditions of voltage 
application such as wave front breakdown as shown in Fig. 7. 


Apparently it is necessary to consider two general factors 
when tests are being planned for the purpose of working out 
insulation coordination. The first of these factors has to do with 
wave shapes found in operation, on which shapes coordination is 
necessary, and the second with the mechanism of breakdown of 
the insulations being coordinated. 


Regarding waves in power circuits, available data indicate that 
a wide range of shapes are present. Steep front waves of high 
voltage amplitude giving breakdown on the wave front, as well 
as low voltage sloping front waves, have been recorded; in each 
particular case where coordination on the front or tail should be 
considered. Also it may be desirous in some eases to coordinate 
on all three reeommended waves allowing breakdown to come on 
the front, crest or tail as the mechanism of breakdown of the 
insulation determines. 


The second general factor of importance, mechanism of insu- 
lation breakdown, has not received the attention it should. 
Consider for instance the case of two insulations each having 
about the same minimum wave crest voltage breakdown, each 
having definite impulse ratios but one breaking down on the 
wave tail and one on the wave crest. This is not an imaginary 
circumstance. In general insulators flashing over through long 
ares, or breakdown over solid insulation surfaces where long 
ereepage streamers are formed give wave tail breakdown. In 
this ease the usual minimum wave tail breakdown volt-time curve 
is obtainable. But through breakdown of solid insulation, short 
ares through oil, vacuum or other insulations in general do not 
give wave tail breakdown although they do have high impulse 
ratios. Here the minimum wave, tail breakdown, volt-time curve 
is not obtainable. 

The long are breakdown giving wave tail flashover should be 
regarded as a volt-time phenomenon somewhat on the following 
basis: The streamer bridging between the two electrodes grows 
in length at definite rates depending upon the overvoltage ap- 
plied. With a flat topped wave adjusted to critical breakdown 
value the streamer tip velocity is low and the large time element 
required for its formation therefore easily measurable. With a 
decreasing voltage on a wave such as the (114-40) a higher crest 
voltage is required than for the square topped wave and the time 
elements are shortened somewhat although still of appreciable 
magnitude to permit good measurement. Flashover in this case 
is a race between the decreasing velocity of the streamer tip and 
the falling voltage behind the streamer. 

Obviously when insulations having such radically different 
mechanisms of breakdown are to be coordinated a careful study 
of the nature of breakdown is required if great confidence is to 
be had in the arrangement decided upon. 

Factual matter such as touched on briefly in this discussion 
must carefully be considered for future work. Good progress will 
be achieved by careful planning of investigational work in the 
field and in the laboratory. This planning must be directed to- 
ward the securing of information which will inspire confidence in 
the significance of laboratory tests. Large expenditures directed 
solely toward the accumulation of more of what this committee 
rightfully classifies as ‘‘obsolete data’”’ are not desirable. Careful 
scientific research work directed toward a clarification of the 
problem at hand is most necessary. 


—— tt 
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K. A. Hawley: It may be well to point out just why it is de- 
sirable to make impulse tests with both positive and negative 
waves. If there were in all cases'a constant percentage of differ- 
ence between the positive and the negative flashover values then 
a measurement with one polarity would be all that is required 
for coordination purposes. Actually the percentage of difference 
between positive and negative values varies considerably with 
different insulators. The limits of this variation with the usual 
commercial insulators and gaps is not definitely known at this 
date. There are some known eases, however, in which the nega- 
tive wave flashover of one insulator has been more than 30 per- 
cent higher than the positive wave flashover, while the flashover 
value of the coordinating gap has been almost the same for both 
positive and negative waves. Obviously in such eases if the flash- 
over measurements for coordination had been made using a 
negative wave only, then satisfactory coordination would not be 
obtained for positive waves. It is perfectly conceivable that in 
some other cases coordination established using only a positive 
wave may not be obtained when a negative wave is used. 


In connection with Fig. 8 it should be noted that these curves 
need not always be parallel as shown. In fact in many cases 
there is a great difference in the slope of the volt-time curves 
for different insulators and gaps. If curve B happened to 
be steeper than curve A and crossed curve A, then although 
satisfactory coordination would be indicated by tests using the 
“minimum wave’’ or “50 per cent sparkover’’ method still when 
higher voltages were applied the coordination would be destroyed. 
Since the maximum expected wave on a transmission line 
usually will be considerably above the flashover value of the 
insulators involved in the coordination, it is apparent that some 
knowledge of the volt-time curves is essential. 


K. B. McEachron: From the point of view of protecting 
insulation from fiashover due to direct strokes it is necessary to 
give consideration to the front of the wave flashover. A very 
large proportion of direct strokes apparently have sufficient po- 
tential available to flash over the usual insulation strengths on 
the front of the wave. The tail of the resulting traveling wave 
will depend upon the form of the current wave of the direct 
stroke and the tower footing resistance. 

The present proposed standards for testing lightning arresters 
referred to in the committee report were intended to furnish 
data from which comparisons of arresters could be made, but not 
necessarily to represent performance in service. 

It is possible to make tests on lightning arresters using the 
three waves proposed in the report, but to obtain appropriate 
eurrent waves the test should be made on a transmission line. 
Under such a condition the current is related to the potential of 
the traveling wave and the rate of current rise is the same rate 
which would have been obtained with natural lightning of the 
same wave shape. On the transmission line when the potential 
is a maximum the current is also a maximum, but in the labora- 
tory this relationship is in general not readily obtainable. Since 
the test on a transmission line is expensive, the lightning arrester 
subcommittee did not propose its use, although the day may 
come when it will be feasible. 

Oscillograms are available showing the performance on thyrite 
arresters on a transmission line of the Consumers Power Com- 
pany taken in 1930. Such records show the exact performance of 
the arresters under conditions obtaining in service. 


Lightning arresters must operate on the front of the wave and 
therefore the rate of rise is important in determining the potential 
at which the arrester begins to carry current with different wave 
fronts applied. Once the arrester becomes conducting, the only 
effect of the tail of the wave is to determine the magnitude and 
form of the current wave through the arrester. 

When testing insulators only the potential wave is of impor- 
tance, which accounts for the difference between the arrester 
proposed standard tests and those suggested by the committee. 
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H. K. Sels: Referring to the subecommittee’s reeommenda- 
tion for impulse voltage testing, Mr. Alger has called attention 
to the limitations of such standard waves in the testing of rotating 
machinery which the writer believes may also be true of other 
equipment, particularly lightning arresters. With lightning ar- 
resters, it is desirable to have them discharge as soon as possible 
under impulse voltages and maintain as low a terminal voltage as 
possible while the discharge is taking place. Therefore, while 
initially voltage conditions prevail, after the discharge starts, the 
current conditions are the criterion for determining the resulting 
arrester voltage. Hence, a different sort of specifications than 
those proposed are necessary. 

Two years ago, the subcommittee on lightning arresters reeom- 
mended impulse waves for testing station type arresters above 
15 ky with a voltage rise of 100 kv per microsecond per 11.5 kv 
of arrester rating and after the beginning of discharge with a 
current rise of 150 amperes per microsecond to a crest of 1,500 
amperes. Other variations in the wave are also given for lower 
voltage ratings and line type arresters. It is believed that with 
the present limitations in test equipment, these tests are adequate 
for comparative purposes, although no indication is given of the 
protective capabilities of the arrester to protect equipment under 
service conditions. Whether traveling wave conditions with both 
voltage and current waves also are necessary in the testing of 
other equipment is a problem which should be considered by the 
subcommittee. 

F. J. Vogel: The report is very valuable, furnishing a stand- 
ardization of the test waves and an interpretation of the test re- 
sults. However, the specifications for the procedure of tests in 
the laboratory, under the heading ‘‘Testing Recommendations,” 
are unnecessarily complicated. In a properly standardized labora- 
tory, it should be possible to analyze once and for all the per- 
formance of the surge generator and to demonstrate the accuracy 
of the cathode ray oscillograph and divider. For example, the 
work done in Sharon in analyzing the performance of the surge 
generator was presented to the Institute at Cleveland in June, 
1932, by Mr. P. L. Bellaschi* and furnished the first known pub- 
lished analysis of a surge generator circuit to take account of the 
stray generator and load capacity. The work done at Sharon in 
calibrating the cathode ray oscillograph and its dividers is given 
in the paper by Mr. P. L. Bellaschi on page 544 of this issue. 
After this analysis and calibration have once been accomplished, 
it would seem that the use of such a calibrated system is in no 
way different in principle from the use of the more common indi- 
cating meter. In this case, there is no need of calibrating the 
meter for each individual test, but occasional checks are all that 
is required. 

P. L. Bellaschi: Each of the main items treated in this report 
could well be made a subject of profitable discussion and critique. 
The question of measuring sphere gaps is particularly pertinent 
for discussion from a fundamental standpoint. 


The subcommittee definitely accepts the present standard 
calibration curves of sphere gaps (A.I.E.E. Standard No. 4) for 
surge voltage measurement, and on this basis it considers the 
sphere gap as a primary standard for surge voltage measurement. 
It should be noted that these calibration curves were established 
for measurement of voltage at power frequencies. It is a simple 
matter to show that these calibration curves are incorrect for 
measurement of surge voltages. The issue of the matter is this: 
In the application of the sphere gap tosurge voltage measurement, 
there is no fundamental basis to justify its use as a primary 
standard; in truth, it is a secondary standard. In surge voltage 
measurement, the sphere gap should therefore be calibrated, or 
better still, a resistance potentiometer used directly. 

Philip Sporn: Since any group of impulse voltage test 
waves must of necessity be a compromise based on actual light- 
ning waves on transmission lines, theoretical calculated waves, 


3. Characteristics of Surge Generators, A. 1. E. E. Trans., December, 1932, 
p. 936. 
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and waves which actually it is possible to produce in a practical 
laboratory, it is particularly gratifying to note from the discus- 
sions that the three waves recommended by the committee have 
generally been accepted not only as practical but also as ade- 
quately covering any reasonably possible voltage conditions 
which may be met with in practise. 


Now that a uniform yardstick (that is, the three preferred 
test waves) has been established, it is believed that impulse 
testing has taken a decided step forward. There still remain, 
however, several problems in the production, application, and 
use of data secured by these test waves. 


Mr. Fielder seems to have the impression that the committee 
has recommended obtaining impulse data according to two 
general schemes: first, obtaining minimum flashover with three 
different waves and, second, obtaining time lag data with the 
long wave. It should clearly be pointed out, however, that the 
committee at the present time has not made any recommenda- 
tions on the type of impulse data to be obtained to the exclusion 
of any other type. Asa matter of fact, the members of the com- 
mittee at the present time are not in agreement that any one of 
the typical curves of impulse characteristics of insulation given in 
the paper will supply enough information properly to coordinate 
insulation strengths in a transmission system. Some members 
favor one type of voltage time lag curve and some another type; 
and it may be that the necessary complete picture of the impulse 
strength of insulation will be shown only when data are secured 
with all the different waves used in all the different manners 
indicated in the paper. 


Mr. Fielder also is under the impression that there is no ap- 
parent advantage in measuring all times of impulse waves from 
the zero point of the wave. There are, in our opinion, however, 
two distinct advantages in measuring time from the zero point 
of the wave. The first is that there is less confusion in indicating 
time from a fixed point, one, such as the origin of the wave rather 
than from a reference point which is subject to some time varia- 
tion as is the ease with the crest of an impulse wave with varying 
load conditions on the generator. The second advantage is that 
since in the calculation of impulse wave shapes, all times are 
computed from the origin of the wave, there is less chance of error 
and misunderstanding if the start of the wave is used as a refer- 
ence point. This matter was gone into thoroughly in the com- 
mittee meetings and it was felt that every advantage was in 
favor of measuring time in all cases from the zero point of the 
wave rather than from the crest. 

Another point on which discussion was raised was that of 
using the sphere gap as a measuring device for indicating the 
erest value of impulse waves. It is felt that it is much better, 
with our present knowledge of voltage measuring devices, to 
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measure impulse waves with a standard such as the sphere gap 
rather than some other device which has not yet been thoroughly 
tested, proved, and accepted as a standard. It is readily ap- 
preciated, however, that with continued use, and a better under- 
standing of factors influencing the ratio of resistance poten- 
tiometers they may well take their place along with the sphere 
gap or possibly replace it as a measuring device in impulse 
testing. Until such time, however, the evidence is not very 
conclusive that anything is to be gained by dropping the sphere 
gap as a standard of voltage measurement. 

The discussions by Messrs. McEachron and Sels referring to 
the type or voltage waves recommended by the Lightning Ar- 
rester Committee for testing lightning arresters seemed to show 
quite clearly that the testing of lightning arresters and insulators 
cannot be coordinated by the use of one common impulse test 
wave at the present time, on account of practical difficulties in 
test circuits. Since the function of a lightning arrester is to get 
into action as soon as an excessive voltage appears on the line, 
and further to discharge the impulse current while holding this 
voltage to a safe value, it appears that any test wave for a 
lightning arrester should logically be based on the rate of voltage 
rise of the lightning wave and the ability of the wave to supply 
current through the arrester. The shape of the tail of the wave, 
therefore, is of importance only as it affects the supply of current 
to the arrester. ; 

In the case of insulator testing, however, it is the voltage time 
characteristic of the wave throughout its entire duration which 
alters the insulation strength of the insulator. The current in 
the test wave does not affect the impulse performance of the 
insulator. It seems readily apparent, therefore, that any attempt 
to use the same impulse waves for testing lightning arresters and 
insulators will result only in a restriction of our knowledge of 
arrester performance and the ability of insulation to withstand 
flashover. : : 

Mr. Hawley’s discussion brings out clearly why it is necessary, 
in obtaining a more nearly complete picture of insulation strength, 
to test with both positive and negative impulse waves. Informa- 
tion on both polarity should, of course, be obtained for the 
maximum benefits to be secured in obtaining impulse character- 
istics of insulators. The excellent work that has been done during 
the past few years in analyzing the fundamentals of impulse 
testing in the laboratories has done much to place impulse testing 
on a more sound and rational basis. While there are still some 
points of disagreement, it is believed that if the various labora- 
tories continue their efforts, that a common basis for conducting 
tests and reporting data can be reached which will be of great 
benefit to all who have occasion to deal with problems involving 
impulse strength and characteristics of insulation in all its varied 
forms. 


Lightning Investigation on Transmission 
Lines—II] 
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Synopsis.—The field data for 1931 and 1932 are reviewed, with 
especial reference to lightning stroke currents. When direct strokes 
take place to towers or ground wires, flashover occurs if the product 
of current and tower footing resistance is higher than the flashover 
strength of the insulators. Flashover seldom occurs if ground wires 
are present and the towers have low footing resistance. 

Three years’ records on four systems indicate tower currents vary- 
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ing from 1,000 to 150,000 amperes. Tripouts correlate almost 
exclusively with high tower leg currents of negative polarity, that is, 
the tower top is negative with respect to the base. This indicates that 
the severe lightning strokes come from negatively charged clouds. 
A great amount of experimental data, relating to flashover between 
electrodes of dissimilar shapes, are shown to be in accord with these 
field observations. 


INTRODUCTION 


HIS paper is the fourth of a series of A.J.E.E. 
papers by the same authors, giving the results of 
a lightning investigation conducted on a number 
of power systems, through the cooperation of the power 
companies and the General Electric Company. The 
previous papers! summarize the results for the years 
1926 to 1930 inclusive. Certain theories as to the mech- 
anism of the lightning stroke and the effect of polarity 
have been presented.? 
The present paper will bring the information up-to- 
date and further discuss the theories of the lightning 
stroke mechanism. 


The investigation was continued in 1931 and 1932 on 
the Pennsylvania Power and Light Company’s 220-kv 
Wallenpaupack-Siegfried line, the Ohio Power Com- 
pany’s 132-kv Philo-Canton line and the Atlantic City 
Electric Company’s 66-kv Deepwater-Pleasantville line, 
all of which have been described in previous papers.® 

Work was started in 1932 on the 132-kv Glenlyn- 
Roanoke line of the Appalachian Electric Company. 
This is a double-circuit line, 65 miles long, similar in 
construction to the Philo-Canton line. Three areas on 
this line, which had been subjected to numerous flash- 
overs in the years 1927 to 1931, inclusive, were selected 
for the investigation. These areas are designated: 
towers 6 to 22, inclusive, Roanoke end, towers 50 to 69, 
inclusive, Roanoke end, and towers 8 to 28, inclusive, 
Glenlyn end. 

During 1931 and 1932, work with the cathode ray 
oscillograph was discontinued. Data were secured with 
the following instruments: magnetic oscillograph, surge 
voltage recorder, severity meter, lightning stroke recorder 
and surge indicator. A new instrument, the surge crest 
ammeter,* was introduced on a limited scale late in 1932, 
but practically no data were obtained with it in the time 
available. 

A number of “lightning rod” installations were erected 
on each of the four lines under investigation. On the 


_ *General Electric Company, Schenectady, N. Y. 

1. For references see end of paper. 

Presented at the Winter Convention of the A.I.E.E., New York, 
N.Y., January 23-27, 1933. 


220-kv line these consisted of iron pipe extending 30 feet 
above the top of the tower. On the 132-kv lines a copper 
conductor was used, extending 10 feet above the top of 
the tower. The pipe or conductor was connected to the 
tower through a 0.15-ohm resistance, shunted by a 
lightning stroke recorder. 

The ground wires at the towers equipped with light- 
ning rods were insulated from the tower and connected 
to the tower through a 0.3-ohm resistance, shunted by a 
lightning stroke recorder. 

The purpose of the lightning rod instruments and 
ground wire instruments, in connection with the instru- 
ments on the legs of the towers, was to differentiate be- 
tween the total stroke current and that flowing in the 
ground wires and in the tower itself. 


TABLE I—LIGHTNING STROKE RECORDS—1931 FROM 
WALLENPAUPACK-SIEGFRIED 220-KV LINE. PRODUCT OF 
CURRENT X TOWER FOOTING RESISTANCE X 10-3 


Not accompanied 


Accompanied by tripout by. tripout 
Product Number Per cent Number Per cent 
1,688 than 20.4.3. S22 One rs: Ci er eee rcrets Otero 20.6 
20— = F100 ASG fn3 Bie iigs 15.8 rh 1 Es ar Re 44.2 Jos 
LOD OD ag atheist eee ee ae i my Benen, < Bs. ies 8.8 
ZOO — SOD s.2:e86. 2) oieias Ba aN TOW Sey eerscone Bszowe 8.8 
Li eeL gril bine: ae ee paaete 15 BT oto Dane 5.99 he 
5O0—1,000).. 68s. ess Oeewv< O.*- Tay 4 ee Dec atels 5.9 
1,000—2,000......5-..+< tesa Ca ies \ Sean Lies 2.9 
2,000—5,000.......... AS. t PIO S2eTasoe 1 SPR 2.9 5.8 
Over'5,0003.2-- hs Dri 10). 500 re Op ome 0 
LON. ctor 100.20); <a5c5s See 3453 fic: 100.0 
Range of Range of 


Product—26 to 14,805 
Current—2,000 to 115,000 amp 


Product—2 to 2,530 
Current—1,000 to 140,000 amp 


In previous years, a great deal of data have been se- 
cured as to magnitude of voltage on transmission lines 
due to lightning and switching, shape of waves, attenu- 
ation, field intensity, storm severity, tripouts, flashovers, 
effect of ground wires, current in towers due to strokes, 
etc. 

During the past two years, the investigation has con- 
centrated on the measurement of tower currents, storm 
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severity, tripouts, flashovers and the effect of ground 
wires. An effort has been made to formulate a rational 
theory of the mechanism of direct strokes. 


RELATION OF LINE TRIPOUT TO LIGHTNING STROKE 
CURRENT, TOWER FOOTING RESISTANCE AND 
OVERHEAD GROUND WIRES 


Wallenpaupack-Siegfried Line. For several years ef- 
forts have been made to determine values of current in 
tower legs by means of the lightning stroke recorder. 

In 1980, during the part of the season in which instru- 
ments were in service, records of 18 strokes were ob- 
tained, which were all interpreted as due to direct 
strokes. Nine of the ten strokes associated with tripout 
took place on the section of line not equipped with over- 
head ground wires; while seven of the eight strokes not 
associated with tripout took place on the section equip- 
ped with overhead ground wires or diverter wires. 


TABLE II—LIGHTNING STROKE RECORDS—1932 FROM 
WALLENPAUPACK-SIEGFRIED 220-KV LINE. PRODUCT 
OF CURRENT X TOWER FOOTING RESISTANCE X 107° 


Not accompanied 


Accompanied by tripout by tripout 
Product Number Per cent Number Per cent 
Less than 20........... Opa 0 0 0 
1g.2°0077 Ore 54.6 
ZO—> LOO i = as Be ns Ses 18:52 Tho- eet EERO oo6 
TOO——F 200: Sac one. rete Laionctere 9.14 Reais Cron 18.2 
2O00— (300. 5 ince eles Pens OS vail eee De tte 9.1 
BOO a6 500cers..ckthe Oph: ee ce Se eee? acetates? 
500—1,000.......... Die. ies 18 5255) pe were ens Lie 4.5 
1,000—2,000.......... Ouwws 0 Gly ey Drs 9.1 
2,000—5,000.......... cs Sania 2a ond eee One 0 9.1 
Over 5000 s..05 access 2 Setar TBs Dap atlases OG oO} 
a WS aes Aare 1000172... methrel BS ccna 100.0 
Range of Range of 


Product—48 to 9,870 
Current—4,000 to 180,000 amp 


Product—24 to 1,175 
Current—2,000 to 25,000 amp 


In 1981 records were obtained of 58 strokes. Of these, 
19 were accompanied by tripout and 34 were not ac- 
companied by tripout. 

In Table I are listed for these 53 strokes the product 
of tower current times tower footing resistance times 
10-*, the product being proportional to kilovolts. The 
values used for resistance are the measured values for 
tower footings, with tower footing grounding cables or 
counterpoises, but without taking into account the 
effect of overhead ground wires. 

In 1932, records were obtained of 33 strokes, of which 
11 were accompanied by tripout and 22 not aceompanied 
by tripout. In Table II are listed the product of tower 
current times tower footing resistance times 10-* for the 
year 19382. 

The records are usually grouped in several adjacent 
towers, all probably due to one stroke. In each group 
there is usually one high current reading and a number 
of smaller ones. In these tables are included only the 
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maximum product for each group, as it is probable that 
this is the product which is of importance in connection 
with flashover. 

It will be noted from these tables that a much 
greater percentage of the products are high for the 
records accompanied by tripout than for those not 
accompanied by tripout. 

In Table III are summarized the lightning stroke 
recorder records for the three years, with particular 
reference to their location with respect to overhead 
ground wires. 

It will be noted from this table that under the heading 
Accompanied by Tripout, from 80 to 100 per cent of the 
records were obtained on the section without overhead 
ground wires. The total number of records in the sec- 
tion without overhead ground wires varied from 52 to 


-68 per cent of the total for the whole line, which corre- 


sponds, roughly, with the length of the section without 
overhead ground wires, which is 57 per cent of the total 
length. 


In other words, although the strokes were fairly well 
distributed over the whole line, the strokes causing trip- 
out were concentrated on the section without overhead 
ground wires. 

The data secured during these three years show con- 
clusively the beneficial effect of overhead ground wires 
in preventing flashover and tripout. 

On the section of the Wallenpaupack-Siegfried line 
equipped with overhead ground wires and counterpoise, 
tower WT-11-4 to tower WT-14-1 (14 towers in all), 
the flashed insulator assemblies for the years 1926 to 
1932 were as follows (the counterpoise was in service 
during 1929 and subsequent years): 


Flashed 
insulator 
Year assemblies 
(926) 2 a tee No overhead ground wires................+.0. 6 
LO QT ese ece Ground ‘wires installed: ...3-2 s.r sete 9 
1928! eae. Ground wires inservice: .-.f29./is. 2. one -les ess 14 
EO 29's 6. vss Gounterpoise installedies jccscisncc cael Aes oe ee 0 
TOSOc ea ets Ground wires and counterpoise in service....... 0 
NOS I Ate. its. Ground wires and counterpoise in service....... 0 
MOSS) pte ters Ground wires and counterpoise in service....... 0 


It is apparent that to be really effective the ground 
wires must be supplemented by low tower footing 
resistance. 

Philo-Canton Line. In 1931, records were obtained 
with the lightning stroke recorder of 25 strokes, involv- 
ing 1 to 18 towers in each stroke. The tower current 
values varied from 2,000 to 80,000 amperes. All of the 
readings were negative, except those discussed in the 
following paragraph. 

On June 26th, a chestnut tree, located 150 ft west of 
mid-span, between towers 174 and 175, was struck. 
Currents of 6,000 amperes positive were recorded at both 
towers 174 and 175. There was no indication of flashover 
and no tripout. 


June 1933 


There were 7 tripouts on this line, of which 4 were due 
to flashover in the area covered by lightning stroke re- 
corders (about 22 miles out of 73 miles total). Records 
were obtained of tower current in each of the four cases. 
The product of tower current times tower footing resis- 
tance gave values of indicated voltage much lower than 
the assigned flashover values in these four cases. The 
suggestion has been made that direct stroke to the con- 
ductor took place in these cases (it will be remembered 
that this is a double circuit line with one ground wire). 


TABLE III—SUMMARY OF LIGHTNING STROKE RECORDER 
RECORDS WALLENPAUPACK-SIEGFRIED 220-KV LINE 


ooo 
1930 1931 1932 


No No No 


Ground ground Ground ground Ground ground 
wires wires wires wires wires wires 
Accompanied by 
EPEOM Gee ade tie ck ace 3 sal O were avens Os Bis tu TO ae Wes 9 
Not accompanied 
Dye tripouts. oss< 5. Ss V 6A Soca be AES ae Avert ily ce ae fe ee 8 
12) AG IOs dre srcieus, 2 Raster d.crete IR Gycerteae: oh 17 


Assuming that tower currents of 10,000 amperes or 
more were due to direct strokes, then 15 of the 25 groups 
of records would be classed as direct strokes and the 
remaining 10 may have been produced by direct or 
induced strokes. 

Of the 15 groups of records classed as direct strokes, 
4 correlated with line tripout. The remaining 11 groups 
were not accompanied by line tripout. 

Of the 7 tripouts experienced in 1931, 5 involved both 
circuits of the double-circuit line and 2 involved only 
1 circuit. 

In 19382, records were obtained with the lightning 
stroke recorder of nine strokes, involving 2 to 12 towers 
in each stroke. Maximum tower current values varied 
from 3,500 to 20,000 amperes. All strokes were negative. 


Deepwater-Pleasantville Line. In 1931, readings were 
obtained with the lightning stroke recorder in the case 
of 5 strokes, involving from 1 to 6 towers per stroke. 
Maximum tower currents varied from 2,000 to 113,000 
amperes. All readings were negative. 

There were 6 tripouts, of which only 1 correlated with 
lightning stroke recorder readings (in the other cases 
there were no lightning stroke recorders near the point 
of flashover). In the case which correlated (stroke No. 2) 
there was a reading of 113,000 amperes at tower 70, and 
small readings up to 7,000 amperes in 5 adjacent towers. 
The product of current times tower footing resistance 
times 10-3 at tower 70 was about 4,000 kv. Surge indi- 
cators operated on all three phases of circuit 2 at tower 
70. Circuit 2 tripped out at both ends. 

Two of the 6 tripouts involved both circuits and 4 
involved only 1 circuit. 

In 1982, only 2 strokes were recorded by the lightning 
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stroke recorder. These involved 2 and 4 towers, re- 
spectively. Maximum tower currents recorded were 
3,500 and 4,500 amperes. Both strokes were negative. 


Glenlyn-Roanoke Line. Only one year’s records are 
available on this line. 

In 1982, eight readings were obtained with the light- 
ning stroke recorder, involving from 2 to 4 towers per 
stroke. Maximum tower currents varied from 1,000 to 
108,000 amperes. All strokes were negative. 


PROTECTION OF TRANSMISSION LINES BY OVERHEAD 
GROUND WIRES 


Induced Strokes. Protection from induced strokes is 
best accomplished by means of overhead ground wires. 
Two ground wires placed directly above the conductors 
in vertical configuration or placed above and between 
the conductors in horizontal arrangement are usually 
sufficient for all practical purposes. The ground wires 
are placed above the conductors, a distance of 10 to 20 
ft in the average case. Such an arrangement will re- 
duce the induced voltage 50 to 70 per cent.® 

The material of the ground wire is not important from 
the lightning standpoint, but for other reasons high con- 
ductivity ground wires are preferable. Tower footing 
resistances up to 75 or 100 ohms are tolerable. 

Direct Strokes. For direct strokes, theoretical analysis 
indicates that the ground wires should be placed so that 
the conductors to be protected fall within a triangle 
formed by the ground wire as the apex and a base line 
on the ground equal to two or three times the height of 
the ground wire above ground. It is also required that 
the distance between the ground wire and conductors at 
mid-span is sufficient to withstand the full potential 
built up between them until this potential has had a 
chance to be relieved by waves traveling from the point 
of contact of the stroke to the ground via the towers. 
Such considerations call for ground wires 30 to 50 ft 
above the conductors.°* 

In practise, it has been found that conventional 
ground wires (placed as for induced strokes—10 to 25 ft 
above the conductors) will prevent flashover of the 
transmission line insulation, providing the insulation 
is reasonably strong and providing the resistance be- 
tween the top of tower and ground is low. The larger 
part of this resistance is in the tower footing itself. 

If the line insulation flashes over due to lightning, 
there may be no tripout, provided the ratio of the 60- 
cycle flashover of the line insulation to the circuit volt- 
age is sufficiently high. 

The following table gives the number of insulator 
units and tower footing resistances of steel tower lines 
with overhead ground wires, which are believed to be 
of the proper order to prevent lightning flashover, due 
to tower current, or follow-up of normal frequency cur- 
rent, except possibly in case of unusually severe direct 
strokes. Very little data on this subject have been ac- 
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cumulated in practise, so that the figures in the table 
should be regarded as quite tentative: 


Insulation to prevent Maximum tower footing 


Circuit normal frequency follow resistance to prevent 
voltage current (units) * lightning flashover (ohms) 7 

GOs. 054 Pore ee eee eee aie sy Ss a Sa She ate 6 

RS oig sa aden WER ee RN OO I I RSet Ces Malte Zotauntte ede 8 

DOO einai ee eR OO eee Sisicye iar. os Shenae orelale aie 12 


*Based on 10-inch disks with 53¢-inch spacing. 
t+Based on 200,000 amperes in tower. 


In the United States and Canada at the present time, 
there are approximately 2,000 miles of 220-kv line with 
insulation varying from 12 disks to 18 disks (spaced 
534 inches, or equivalent). Only one of these lines has 
been immune from flashover and interruption. How- 
ever, the interruptions in many cases have been as low 
as one to three per 100 miles per year. 


IMPORTANCE OF DIRECT AND INDUCED STROKES 


The question of relative importance of direct and 
induced strokes, particularly on the lower voltage lines, 
is still unsettled. Opinion has drifted toward the direct 
stroke standpoint. The only direct evidence obtained 
by measurement is the mass of data secured with the 
lightning stroke recorder. The larger currents indicated 
can only be explained on the basis of direct strokes. 

However, there have been small currents indicated 
which might be caused by induced strokes. Strokes to 
trees and simultaneous voltages recorded on transmis- 
sion lines also indicate induced surges (see record of 
stroke on the Ohio Power Company’s system, discussed 
in this paper, and records of several strokes on the Ohio 
Power and Louisiana Power and Light Companies sys- 
tems, discussed in the authors’ 1931 paper).! 


POLARITY OF LIGHTNING STROKES 


The additional data which have been obtained on 
direct stroke currents continue to show that polarity is 
of dominant importance in the lightning stroke mechan- 
ism. Table IV summarizes lightning stroke measure- 


TABLE IV—LIGHTNING STROKE CURRENT MEASUREMENTS 
IN TOWER LEGS 


Current range Positive Correlated Negative Correlated 
amperes* strokes tripouts strokes tripouts 
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*These values are subject to modification on account of uncertain 
instrument calibration. 

+These high current values were obtained with an early recorder arrange- 
ment which it is believed gave excessive values. 
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ments of transmission line tower leg currents to date, 
classifying them as to relative current range and polarity 
and giving the number of line tripouts with each group. 
These data are from records obtained on the Pennsyl- 
vania-New Jersey 220-kv interconnection, Philo-Canton 
line, and Deepwater-Pleasantville line. In this table 
only the maximum current of each group of records is 
included. The accuracy of current values given in this 
table are somewhat uncertain. The authors feel, how- 
ever, that no doubt exists as to the polarity classification 
and that the relative order of current magnitude is suf- 
ficiently correct, except where noted, to justify the analy- 
sis given. 

It is to be noted that the table shows a great number 
of small negative currents in the range 1,000 to 5,000 
amperes, an intermediate group of positive currents, 
ranging from 3,000 to 6,000 amperes, and a group of 
high negative currents, ranging from 10,000 to 150,000 
and centering about 80,000 amperes. 

Tripouts Occur With the High Negative Currents Almost 
Exclusively. This important fact must receive careful 
attention. Data published by several authors’ indi- 
cate that positive cloud-to-ground strokes do take place 
frequently, probably more frequently than negative 
cloud-to-ground strokes. However, the data of Table 
IV show negative strokes to the line to predominate in 
number and in current magnitude. 

The authors of this paper have previously called 
attention? to the influence of electrode shape in relation 
to polarity in the case of flashover between dissimilar 
electrodes under atmospheric conditions. The following 
quotation’ describes the point very clearly: “Investiga- 
tion shows that it is the form and intensity of the di- 
electric field at, or near, the positive terminal which has 
the greatest effect on the disruptive voltage of the air 
gap; while the field at, and near, the negative terminal 
is of secondary importance. Thus, if at constant gap 
length the positive terminal is gradually changed in 
steps from a sharp point to a fiat plate, while the nega- 
tive terminal remains unchanged in form, the disrup- 
tive voltage changes correspondingly over a wide range. 
A corresponding change in the physical form of the 
negative terminal, however, with the positive terminal 
unchanged in form, varies the disruptive voltage rela- 
tively little.’ In terms of voltage values which are 
familiar in every day laboratory work, this phenomenon 
may be stated somewhat as follows: 

For dissimilar electrodes, such as point-plane, the 
breakdown voltage for point positive is one-third or one- 
fourth that for point negative. As far as laboratory 
phenomena are concerned, this viewpoint is generally 
agreed upon. In connection with natural lightning, how- 
ever, various opinions are held regarding the significance 
of this electrode shape-polarity effect. It is believed by 
the authors that the polarity characteristics of available 
lightning stroke current data strongly indicate the im- 
portance of this effect. 

The cloud may be considered as a non-conducting 
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electrode of relatively smoothly rounded contours. The 
earth is a conducting plane from which, in most cases, 
protrudes rather sharp points, such as trees, steeples, and 
transmission line towers. Now, it follows very reason- 
ably from laboratory experience, such as described 
above, that when a conducting projection from the 
earth is positive in polarity, relative to the cloud, and 
the cloud potential is sufficiently high, the projection 
will form a terminal for discharge between the two. 
Also, the entire current associated with the cloud 
discharge must pass through this projection, because its 
presence has initiated the discharge. Furthermore, the 
negative polarity of the relatively smooth cloud is not 
at all suitable for the formation of breakdown streamers 
at the cloud. Accordingly, cloud potential will increase 
until a suitable projection from the conducting earth 
provides a high gradient point at the positive terminal. 
The conditions for minimum breakdown potential 
under this polarity arrangment are met and the dis- 
charge proceeds. This lightning stroke is, it is believed, 
progressing into a uniform or converging field, a single 
breakdown channel through which the entire current 
associated with a negative polarity cloud passes. In 
laboratory experiments this directive effect of the posi- 
tive point has been shown to protect an adjacent area 
of radius of 15 times the projection height. 

Where the cloud is positive and the earth negative, 
projections on the earth’s surface have little directive 
effect.2, Here it appears that breakdown streamers 
from the positively charged cloud,” originating at the 
cloud, proceed with considerable branching toward the 
seat of the induced charge. The positive polarity of the 
cloud is suitable for streamer formation, and the usually 
diverging cloud field gives rise to branching. Under 
these conditions, laboratory tests have shown a pro- 
tected area adjacent to a projection of radius equal to 
two or three times the projection height. A standpoint, 
such as that described above, is well in accord with the 
data of Table IV. The high negative cloud discharge 
currents, severe in that they practically alone cause line 
tripouts, reach the line structure frequently because of 
its directive effect as a positive polarity projection above 
the conducting plane of the earth. Positive cloud-to- 
ground strokes reach the line less frequently, as again 
shown by the table, and then are within the inter- 
mediate current range 3,000 to 6,000 amperes and do not 
often cause tripouts. It is agreed, of course, that with 
sufficiently high tower footing resistances, currents of 
this range would produce flashover. The positive 
strokes to ground do not reach the line in greater num- 
bers in spite of their frequency, because of the lack of 
directive effect of the line charged negatively. Also, 
such strokes when they do chance to strike the line are 
less severe because of extensive streamer branching, 
which exhausts the cloud energy and gives lower tower 
currents. The large group of low current records are 
believed not to be due to direct strokes, but of induced 
origin. These records are principally of negative 
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polarity, as should be the case if induced by nearby 
positive cloud-to-ground strokes. Such nearby positive 
strokes are in accord with the above analysis. 

To maintain the correct standpoint regarding the 
mechanism of cloud discharge, it must always be kept 
in mind that the cloud potentials are building up 
relatively slowly. The lightning flash awaits a break- 
down gradient at some point in the cloud field. Thus, 
the field configuration, depending upon cloud and 
ground conditions and polarity, are critical. When 
these are lost sight of in consideration of uniform fields 
and plane electrodes, the true elements of the picture are 
lost. For instance, it is generally agreed that in certain 
localities lightning storms are frequent, but transmission 
line service interruptions are rare. When this is con- 
sidered in the light of the polarity effects described 
above, possible explanations are readily forthcoming. 
The relative positions of the positive and negative cloud 
charges and their distances to ground are important. 
Difference of opinion exists regarding the normal distri- 
bution of charge, whether the two polarities are on the 
same level or one is above the other is somewhat un- 
certain. One series of data’ indicates strongly that the 
positive charge is below and the negative above. 
Another very thorough study’ of the mechanism of ac- 
cumulation of cloud charges reverses this relative posi- 
tion. Probably the atmospheric conditions changing 
greatly with geographical location and season make for 
considerable variation in charge position. At this time, 
it is sufficient to note that an elevation of the negative 
charge position of the cloud relative to ground without 
change in positive charge location would probably elimi- 
nate many of theseverenegative strokes without affecting 
greatly the number of positive cloud-to-ground strokes, 
or causing a noticeable reduction in lightning severity 
from the casual observer’s point of view. Of course, an 


elevation of the entire cloud would decrease the cloud- 


to-ground and increase the cloud-to-cloud strokes. 


LABORATORY LIGHTNING TESTS 


Many instances, wherein attempts have been made 
in the laboratory to demonstrate the mechanism of 
natural lightning have led to uncertain conclusions. 
Some observers doubt the value of such tests entirely, 
while others see in almost every laboratory discharge 
some aspect of natural lightning. Somewhere between 
these two must lie the most valuable standpoint. Many 
laboratory observers have made helpful contributions 
and further experimentation is very desirable. Several 
factors, however, should be kept in mind when labora- 
tory studies of the mechanism of natural lightning are 
being conducted, so that uncertainties will be elimi- 
nated. Field conditions should be simulated as closely 
as possible. For instance, a study of conditions sur- 
rounding the precipitation of the stroke should utilize 
as close a representation as possible of natural conditions. 
It is not difficult to show that branching streamers may 
be directed away from a negative electrode if suitable 
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electrode arrangements are utilized, but such a test does 
not justify the viewpoint that branching away from a 
negatively charged cloud occurs in thunderstorms." 
Also, since impulse testing of insulators has become com- 
mon, observers have endeavored to interpret some of 
the results obtained in this field as indicative of aspects 
of the mechanism of natural lightning. It is not be- 
lieved that this will prove to be a helpful practise. The 
slowly increasing voltage of the cloud is not simulated 
by the rapid surge of the impulse. Particularly, time 
lag effects enter into the impulse testing results in en- 
tirely different ways than are obtained in direct-current 
testing. Careful laboratory experiments” have shown 
that the point-plane effect, which has now been shown 
to dominate the natural lightning picture, grows less 
pronounced as the time duration of the impulse de- 
creases. Again, in impulse testing overvoltages are 
always applied and in natural lightning only the lowest 
flashover voltage is obtained with continuous potential. 
Of course, the field for such investigations is wide and 
only careful attention to such details will produce good 
results. 


CONCLUSIONS 


The overhead ground wire is definitely shown to be 
effective in reducing line tripouts. 

The beneficial effects of low tower footing resistance 
are apparent from the data and analysis. 

The counterpoise is shown to be effective in securing 
low tower footing resistance. 

Line insulation and permissible tower footing re- 
sistance specifications, which will render the lines prac- 
tically immune from flashover, may be written. 

For a good understanding of how direct strokes which 
cause tripout chance to terminate on the transmission 
line and reach current values sufficient to give insulator 
flashover, it is necessary to consider polarity character- 
istics of the cloud and of flashover between dissimilar 
electrodes. 
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Discussion 


A. E. Davison: Engineers usually are so busy protecting those 
transmission lines and works which are very much exposed to 
weather hazards, more particularly lightning, that they neglect 
to call in the physicist. Some engineers even go so far as to 
advocate lightning proof designs and terminal equipment. Are 
these attempts to secure lightning proof lines always the most 
economical methods by which the continuity of services ean be 
attained? 

There is considerable evidence according to Dauzere, who 
addresses the International High Tension Conference and other 
French technical and physical organizations, that the incidence 
of lightning is not as uniformly spread over large areas as a lay- 
man would expect for such an extremely fortuitous natural 
phenomenon as lightning. He pictures electrical pockets in the 
lower atmosphere through which lightning discharges may be 
expected to be more frequent. As compared with his suggestions, 
one would naturally expect that variations in elevation of terrain 
should affect the discharging of storm clouds moving across an 
area and that the sides of escarpments and mountains would be 
marked extensively by lightning discharges and would be fre- 
quently burned over. This assumption is not always borne out 
by observations. 

Turning to the protection of rural buildings against lightning, 
some of us ean recall a considerable relief upon having rodded a 
transmission line or a set of buildings, electrically. The lightning 
does not seem to strike as often. Is this some pyschological con- 
elusion or is it a fact? Do these lightning rods drain off the 
effectiveness of a discharge between earth and clouds to the extent 
that there frequently is no sudden dynamic or electrical display 
as storm clouds pass? Many engineers know of quite local 
areas where strokes are relatively frequent. Transmission men, 
especially, know of lines or sections of lines which they would, 
after the fact, like to re-route on account of lightning outages. 
The objectionable locations may, for instance, be on the sides 
of hills or mountains and in other cases in comparatively fiat 
areas. Why? 

This discussion is submitted in order to suggest that utility 
engineers might very well ask a physicist, or men who are quali- 
fied to study geophysical conditions to look into the terrain more 
fully. It may be that engineers will thereby be directed when 
projecting their longer lines to go around an area. This would 
alter the apparent economics by 2 to 5 per cent due to an in- 
ereased length of line, but would avoid districts recognized by 
geophysical examinations and analyses to be subject to lightning. 
They might be directed to place a line on areas recognized to be 
comparatively free from lightning effects. 

If lightning is responsible for by far the largest group of inter- 
ruptions to services, then it is desirable that we should study the 
phenomenon more fundamentally rather than give attention 
exclusively to the practise of trying to design relatively expensive 
transmission lines and connected apparatus sometimes referred 
to as lightning proof. 
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I. W. Gross: Theory and practise must go along together, if a 
firm foundation is to be laid for our knowledge of lightning, and 
the application of effective protective measures to lines and 
apparatus. Considering the factors still unknown in the mecha- 
nism of a lightning stroke itself, and its effect on a transmission 
line, it is clear that theory alone may lead to erroneous and im- 
practicable conclusions if not checked by actual experience. On 
the other hand, actual operating experience alone may lead one 
astray, if results are not carefully analyzed and coordinated 
with theory. Certainly, slower progress will be made if we do 
not check over experience with theory continually. 

That direct strokes to a transmission line can take place, in 
many cases without line tripout, is a statement which would 
hardly be made some six years ago. However, the data in this 
paper prove this actually does take place. 

The beneficial effect of lowering the tower footing resistances 
to prevent line flashover has been predicted by theory, stated by 
general considerations, and definitely proved by experience, as 
given by the summarized data in this paper and that of Mr. 
Sporn, see page 482 of this issue. 

The statement is made by the authors that ‘““Tower footing 
resistances up to 75 or 100 ohms are tolerable’. Does this apply 
only to direct strokes? Certainly, this is not true if the line 
outages due to lightning, irrespective of the origin of the light- 
ning, are to be reduced to a reasonable number. In Mr. Sporn’s 
paper it is shown that, on the average for ten different lines, in- 
creasing the average tower footing resistance from 5 ohms to 20 
ohms increased the line outages 100 per cent. At the particular 
towers where fiashover occurred on 5 lines, about 75 per cent of 


TABLE I—LIGHTNING OUTAGES ON 


LIGHTNING INVESTIGATION ON TRANSMISSION LINES—III 


481 


the flashovers occurred at towers having a footing resistance less 
than 75 ohms, and over 20 per cent of the flashovers at towers 
having a footing resistance less than 5 ohms. Tower footing 
resistances considerably lower than have been talked of in the 
past, appear to be necessary to make a line immune to lightning 
fiashover. 

At the top of page 478 is given a table of the number of insula- 
tors, required for different voltage lines, which are referred to as 
being of the proper order to prevent follow-up of normal fre- 
quency current. The experience on the lines of the American 
Gas and Electric Company indicates that the insulation sug- 
gested is too low. In fact we have almost come to the conclusion, 
based on recent experience, that it is practically impossible to 
overinsulate a line, within practical limits, so that it will be 
immune to 60-cycle follow-up current. 

Table I shows a two-year record of four lines operated in the 
33- to 66-ky voltage range. In the case of the Muncie-Anderson 
33-kyv line, with 132-ky insulation (10-5-1/8 in. units) the outages 
on a 100-mile per year basis were 10.8 against a system average 
on some 1,500 miles of 132-kv line, of 16.7 outages. This over- 
insulation certainly does not look promising, as a means of pre- 
venting 60-cycle follow-up current on low voltage lines, even with 
tower footing resistances as low as 5 ohms, which was the case 
with the Muncie-Anderson 33-kv line. 

W. W. Lewis and C. M. Foust: The statement referred to by 
Mr. Gross, namely, that “Tower footing resistances up to 75 or 
100 ohms are tolerable,’ refers only to induced strokes. Under 
the heading ‘Direct Strokes’ tower footing resistances not 
over 6 to 12 ohms are recommended. 


OVER INSULATED LINES—1930-1931 


American Gas and Electric Company Steel Tower Lines 
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Lightning Experience on 132-Kv ‘Transmission 


Lines of the American Gas and Electric Company System 
1930-1931 
BY PHILIP SPORN* 


Fellow, A.I.E.E. 


Synopsis—This paper, which is a continuation of a four-year 
operating record of an extensive 132-kv transmission system under 
lightning conditions, presents and discusses the record for 1930 
and 1931. 

Operating experience is given on: 

1. Yearly line outages due to lightning for all lines. 

2. Severity and frequency of lightning storms over the system 
for a three-year period. 

3. Frequency of double circuit outages. 

4. Extent of line and station apparatus damage. 


INTRODUCTION 


N the final analysis, field experience, properly 
analyzed and interpreted, is the only safe criterion 
for judging performance of any engineering struc- 

ture, piece of equipment, or system embodying them. 
This holds true particularly for transmission lines where 
a great deal of time must of necessity elapse before it 
can definitely be determined whether or not satisfactory 
results have been obtained from new designs, design 
changes, or remedial measures adopted. It is the 
purpose of this paper to give such an analysis of a large 
132-kv transmission system, where an attempt at keep- 
ing accurate and careful records of lightning perform- 
ance has been made, and, in so far as possible, interpret 
these records and their bearing on the various phases 
of the lightning protection problem. 


DESCRIPTION OF SYSTEM INVESTIGATED 


The system investigated comprises, at the present 
time, some 1,450 miles of right-of-way, including 
approximately 850 miles of double-circuit line, 600 
miles of single-circuit line, and a total of 2,200 miles of 
three-phase circuit. The general extent of the system 
and territory covered has been previously described.! 

Since 1929 when the last record of lightning perform- 
ance on the system was reported before the Institute, 
the interconnected system has been increased by 
approximately 250 miles of right-of-way (400 miles of 
three-phase circuit). 

Most of the transmission lines are of two-circuit steel 
tower! construction, the conductors being in vertical 
arrangement on each side of the tower, and in most 
cases at least one protective ground wire is employed. 
The only two wood pole lines (Logan-Sprigg and Sprigg- 
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5. Effect of tower footing resistance in reducing lightning outages. 

6. Reduction in tower footing resistances by the use of driven 
ground rods and counter poises. 

7. Effect on lightning outages by overinsulation. 

8. Relative frequency of single-phase, two-phase and three-phase 
line faults. 

9. Location of lightning flashovers on the line in reference to 
top, middle and bottom conductors. 

Conclusions are drawn from the results of the operating experience 
on these lines. 


Beaver Creek) do not have ground wire protection. 
Three lines have two ground wire protection; the 
Twin Branch-Benton Harbor Line and the Deepwater- 
Pleasantville Line have one ground wire located at the 
peak of the tower and one directly underneath at the 
approximate level of the second crossarm. The 
Windsor-Canton Line has two ground wires, one above 
each circuit. 

All lines are constructed with 132-kv insulation and 
are operated at 132 kv with four exceptions. These 
are the Beaver Creek-Hazard Line which is operated 
at 44 kv, the Deepwater-Pleasantville Line which is 
operated at 66 kv, and the South Point-Portsmouth 
and Muncie-Anderson Lines which are operated at 
33 kv. It is planned eventually to cut all these lines 
over to 132-kv operation. Some of the details of design 
and construction of these different lines are listed in 
Table I. 

The spacing of conductors on steel tower lines is in 
the order of 2134 ft or more between circuits and 138 ft 
vertically between phase wires. The ground wire 
(where only one is used) is located at the tower peak 
approximately 10 ft above the level of the top con- 
ductors. On tower lines provided with only one 
ground wire, the lightning flashover between the 
ground wire and nearest line conductor, is in the order 
of 5,000 kv at suspension towers and 5,800 kv at dead- 
end towers. In midspan these flashover voltages are 
20 to 35 per cent greater due to the difference in sag 
of the line and ground wires. The impulse flashover 
at the insulator strings (assuming an average length 
of string of 50 inches) is in the order of 1,250 kv. All 
these flashovers are on the basis of crest flashover with 
a 14 by 5 microsecond impulse wave. 

The type of country through which these lines 
extend varies from flat country where the tower footing 
resistances are in the order of 214 ohms, such as in 
Indiana, to very hilly mountainous country where 
footing resistances reach magnitudes of 200 ohms and 
over. 
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PROTECTIVE EQUIPMENT 


The general type of lightning protective equipment 
supplied on the 132-kv system consists of lightning 
arresters at all major substations, graded insulation 
at station entrances, the use of ground wires on most 
lines (see above), and in a few cases the installation of 
ground rods and/or counterpoises at the base of the 
line towers. Additional ground rods were installed 
on the Twin Branch-Benton Harbor Line before it was 
placed in service and on the Deepwater-Pleasantville 
Line after it had been placed in service. Counter- 
poises, that is, buried conductors, have been installed 
on parts of the Deepwater-Pleasantville and Glenlyn- 
Roanoke Lines since they have been placed in service. 
The counterpoises were installed on the Deepwater- 
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Fig. 1—Ligutnine Storm Severity, 1929-1930-1931 
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Total storms reported by operators at above stations 


Pleasantville Line in the summer of 1931 and on the 
Glenlyn-Roanoke Line in the summer of 1932. 

Graded insulation at station entrances consists of 
reducing insulation on from one tower to a half mile 
back from the station, by one or more insulator units 
below the standard suspension string. This, in general, 
leaves the lightning flashover at the station limited to 
the flashover of from eight to nine standard insulator 
units provided with grading shields. 


OPERATING PERFORMANCE 


Line Outages..The detailed operating performance 
of the 81 lines is given in Table I. The number of 
outages in 1928 to 1931 inclusive is summarized in 
Table II. It will be noted that the number of outages 
on a unit basis is considerably greater in 1929 and 1931 
than in 1928 and 1930. The reason for this may be 
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attributed to the more severe lightning seasons in 
1929 and 1931 than in the other two years. Data 
bearing out this statement are shown graphically in 
Fig. 1. 

This record has been compiled from the reports of 
operators located at the various substations over the 
system; it shows not only a greater number of storms 
in 1929 and 1931 but also an increased severity during 
those two years. The contrast between 1929 and 1930 
in each of the three classes of storms (very severe, 
severe, and light) for which data are given is particularly 
striking, and again shows the necessity for some ac- 
curate measure of lightning severity if proper com- 
parisons are to be made of line performance from year 
to year. 

Of the three years for which lightning storm records 
are available, 1929 apparently shows up as the worst; 
and the outage record given in Table II is worse in 
1929 than in any other of the four years shown. 


TABLE II—AVERAGE LINE OUTAGES PER 100 MILES OF LINE 


PER YEAR 
1928 1929 1930 1931 
PANITIN OS So. tee tes barei oueievee ele ane celataayecanetonite sarees 13'°5;,,.21 6.17 391 9sS 
FE WO-CIDCUIG MINOR shetore sinscale Oiyeecancle taeleienrsnieene llc eocds elec a ee, 
One-ciroulit limes 2ysccicccus tise she nnskiecketobeerec Peianeee 1020). 27.8015 12.coe: 
Lines insulated for 132 kv but operating at 
GO vi eas ok Ri Wes parc ae oe i A ae eae 14.1..10.5 
Lines insulated for 132 kv but operating at 66 
kv, less outages at graded sections ................0000% 10.5.4 5-2 
Lines insulated for 132 kv but operating at 33 
BIG AAV AEE eaves ov cp cline erodes Ob enap hierar Mena verss clots te ehe ener he syeumenenec aire 13.4..19.2 
Lines insulated for 132 kv but operating at 33 
and 44 kv, less outages at graded sections............... 13, 47-2128 


_ Another point of interest brought out in Table II 
is the record of lines insulated for 182-kv but operated 
at a lower voltage. These lines on 33-, 44- and 66-kv 
operation show, it is true, a smaller number of outages 
than lines similarly insulated but operated at 182-kv. 
This is particularly so if the records are compared on 
the basis of omitting those outages which have been 
charged to flashovers on the graded insulation sections 
of the line. But even under those conditions, the 
reduction is not at all in line with what one might 
expect from the large reduction in operating voltage. 
It would appear, therefore, that it is not a practicable 
matter to so over-insulate a line that it will be immune 
to the follow-up current in the case of lightning flash- 
over, even when the operating voltage is as low as 
33-kv and the ratio of insulation employed is 4:1 of 
that normally used. 


DOUBLE-CIRCUIT LINE OUTAGES 


In previous records! it has been shown that, on 
two circuit lines, in only 15 to 29 per cent of the cases 
of outage did both lines trip. In 1931, however, the 
percentage of outages where both lines tripped out 
during lightning disturbances rose to 40 per cent. This 
record is shown graphically in Fig. 2. While the out- 
ages per 100 miles of line per year have, in general, 
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decreased from 1926 to 1931 (excluding 1929 which 
was a bad lightning year) it is observed that the per- 
centage of outages involving both lines has increased. 
On the other hand, it will also be noted that the total 
miles of two circuit lines on the system has also in- 
creased. It might be deduced from this fact that the 
increase in the size of the system, that is, the connected 
kva capacity had also increased. This, in fact, has been 
the case. A 165,000-kva generator was installed in the 
spring of 1929 at the Philo Plant which is roughly at 
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the center of the transmission system; and in August 
1929 an interconnection with another large system 
was placed in continuous service at the extreme western 
end of the system. It is believed that this increased 
system capacity has sufficiently maintained voltage in 
some cases so that line lightning flashovers which pre- 
viously had in some cases not developed into short 
circuits on the line, did after 1929 become a factor in 
actually tripping out the second circuit. 


LINE DAMAGE 


The record of damage to line wires, insulators, and 
arcing protection is given in Table I for each line. The 
fact that the “cases of damage per line outage”’ runs in 
the order of 0.2 to 2.0, where the records are complete, 
with an average of approximately 1.1 shows that the 
majority of line tripouts are accompanied by one but 
not more than two flashovers. This indicates as would 
be expected that line flashover is confined close to the 
point of origin of the electrical disturbance. The fact 
that comparatively few insulators, burned conductors, 
or hardware have been observed, and rarely of sufficient 
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importance to require servicing, shows that the arcing 
protection has been very effective in preventing severe 
damage to the line. The protection afforded by the 
rings to line insulators is in line with prediction and 
past experience. 

During the three years’ operation 1929-80-31, no 
trouble from lightning on the 132-kv lines has made 
necessary holding the line out of service longer than 
the time necessary to reclose the switch. 


STATION APPARATUS DAMAGED 


The three-year (1929-30-31) records of damaged 
apparatus at substations over the entire interconnected 
132-kv system shows that lightning damaged one trans- 
former, nine coupling condensers which were used for 
the communication system, and one insulator on the 
lightning arrester gap at one substation. At the sub- 
station where the transformer was damaged, it is im- 
portant to note that lightning arrester protection had 
been provided. The failure of this large number of 
coupling condensers has been very definitely fixed as 
due to a defect in the inherent design of the apparatus, 
as at the time these condensers were installed no at- 
tempt had been made, due to the complete lack of 
reliable impulse data, to coordinate their insulation 
strength with that of the other station apparatus on a 
lightning basis. 
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Lima-Fort Wayne 
Lima-Fostoria 
Muncie-Anderson 
Philo-Canton 
Glenlyn-Roanoke 


Roanoke-Reusens 
Turner-Logan 

Twin Branch-Benton Harbor 
Twin Branch-Fort Wayne 
Philo-Crooksville 


It should be noted that the use of lightning arrester 
protective equipment at each of the substations did 
not render all the station apparatus immune to light- 
ning failure. It is quite true, however, that the record 
of only one transformer failure from lightning in three 
years in this large number of stations shows that the 
stations are operating with a high degree of protection 
against lightning although this protection is not 100 
per cent perfect. 
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THE EFFECT OF TOWER FOOTING RESISTANCE 


In a paper describing the 1929 lightning experience,! 
the effect of tower footing resistance of lines equipped 
with ground wires was fully discussed, and it was 
pointed out that if a ground wire is to offer a high 
degree of protection against lightning flashover at the 
tower, the tower footing resistance must be relatively 
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low—in the order of 5 ohms or less. Some further light 
is thrown on this phase of the problem by the analysis 
' made for the last three years, from this point of view. 

The relation between the average tower footing re- 
sistance of ten different lines and the number of outages 
per one hundred miles of line per year for three years 
is shown in Fig. 3, each plotted point representing the 
specific performance of a particular line plotted against 
the average tower footing resistance of that line. The 
average performance for the three years’ operation is 
shown by the dotted curve. This, as well as the three 
individual curves, shows a distinct reduction in outages 
as the tower footing resistance is lowered. The reduc- 
tion of tower footing resistance from 80 ohms to 40 
ohms results in a decrease in outages of 18 per cent; on 
the other hand, a 50 per cent reduction in tower footing 
resistance from 10 ohms to 5 ohms reduces the outages 
35 per cent. Since Fig. 3 gives data for ten different 
lines over a three-year period, the benefits indicated 
from the lower tower footing resistance cannot be laid 
to mere chance. 
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To trace thoroughly the effect of tower footing re- 
sistances, the resistance values at towers where flash- 
overs have actually been observed have been studied 
for five lines and are shown graphically in Fig. 4. These 
curves give the highest value of tower footing resistance 
encountered in any percentage group of flashed towers 
both for two separate lines and for all the five lines 
indicated. It will be noted, first, that tower footing 
resistances, even as low as 5 ohms, do not make a line 
immune to flashover from lightning. Second, on the 
five lines for which data have been summarized in 
Fig. 4, 50 per cent of the flashovers occurred at towers 
having a footing resistance less than 30 ohms, and 30 
per cent of the flashovers occurred at towers with a 
footing resistance less than 10 ohms. Over 20 per cent 
of the flashovers occurred at towers with footing re- 
sistances less than 5 ohms. 

Analyzing the effect of tower footing resistance still 
further, Fig. 5 shows that where the tower footing 
resistance is low there is less disturbance to the line 
from lightning storms. For example, with the tower 
footing resistance of 214 ohms there has occurred only 
one line outage for every 10 storms. Where the average 
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tower footing resistance of the line has been 40 ohms 
there has been one outage for every lightning storm 
observed. As the tower footing resistance becomes 
higher the outages per storm, or the storms through 
which the line can ride without an outage, become less 
than one, that is, on an average over a period of time, 
more than one outage occurs per lightning storm. 


LOCATION OF LINE TROUBLE 


In an attempt to determine how lightning has ini- 
tially come on the line an analysis has been made of 
the location of trouble on the line conductors by three 
methods: first, by means of physical inspection of the 
line (tower climbing inspection), second, by relay target 
indications, and third, in one special case, by an auto- 
matic oscillograph. In Table III is given the record of 
line flashovers on top, middle, and bottom conductor as 
observed from the line inspection on five different 
lines. The same type of data is given in Table IV from 
the record obtained from the relay targets; and in 
Table V are given similar data obtained from auto- 
matic oscillograph records. These tables show a pre- 
ponderance of single-phase trouble, 86.4 per cent being 
recorded by the line inspection, 64.8 per cent by the 
relay target indications, and 60.6 per cent by the 
oscillograph. Thus it appears that the majority of 
lightning troubles result in single-phase fault currents 
but roughly divided about equally on top, middle, and 
bottom conductors. This of course does not necessarily 
mean that these troubles start as single-phase lightning 
faults, as it has been proven in the past that system 
power current will not, under certain conditions, follow. 
For example, if a conductor on which lightning flash- 
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over takes place is at or near zero voltage of the normal 
60-cycle wave power current does not follow. Un- 
doubtedly the data in Table V are far more accurate 
than in Tables III and IV as Table V is based on data 
obtained from an oscillograph located at Glenlyn 
whereby the phase voltages of the system were recorded. 
It should be noted, however, that the faults are located 
in the same general position with respect to top, middle 
and bottom conductors as has been indicated by data 
obtained from line inspection and relay targets. 


From a system stability point of view it appears that 
three-phase faults from lightning causes occur very 
rarely, the maximum being indicated as 8.8 per cent. 
Faults involving two conductors comprise a maximum 
of about 27 per cent of the trouble. 


If the data presented in Tables III, IV and V are 
analyzed from the standpoint of the probable origin of 
the lightning stroke, they do not present a clear cut 
case for the theory of direct lightning strokes being 
the cause of all outages, without stretching the theory 
to a dangerous tenuousness. Just what percentage of 
the outages actually is due to direct stroke is of course 
not clearly shown by the data presented, but the fact 
that of the 74 per cent of single-conductor flashovers, 
23 per cent represented middle conductors, 22 per cent 


TABLE III—LOCATION OF TROUBLE BY LINE INSPECTION 
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Per cent involving one phase only 86.4. 
Per cent involving two phases only 11.3. 
Per cent involving three phases only 2.3. 


TABLE IV—LOCATION OF TROUBLE BY RELAY TARGET INDICATION 
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Per cent involving one phase only 64.3. 
Per cent involving two phases only 27.0. 
Per cent involving three phases only 8.7. 
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bottom conductors and only 29 per cent top conductors, 
makes it very difficult to explain how direct lightning 
strokes are responsible for all outages on the lines of 
this particular system. 


COUNTERPOISES AND GROUND Rops 


To show the effect of ground rods driven at the base 
of a tower in reducing the tower footing resistance, 
Table VI has been compiled. At each tower five 
1 inch by 20 feet galvanized rods were driven and each 
rod treated with 100 lb of rock salt. The reduction in 
tower footing resistance by the installation of these 
rods is approximately 50 per cent, the ratio of resistance 
before and after installation of the rods being, for the 
20 towers, 52 per cent. 


TABLE V—LOCATION OF LINE FLASHOVERS BY GLENLYN 
OSCILLOGRAPH RECORDS 1930-1931 SINGLE LINE OUTAGES 
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Per cent single line faults. ..73.8 
Per cent two line faults....19.6 
Per cent three phase faults. 6.6 


2From Table V (1930-1931). 
3From Table III (1929-30-31). 
4From Table IV (1929-30-31). 


The reduction in tower footing resistance by the use 
of counterpoises is shown in Table VII. The counter- 
poise in this case consisted of 4 galvanized iron strips 
approximately 1/16 in. by 2 in. in cross section, two 
lengths each extending 150 ft away from the tower in 
opposite directions and parallel to the line, and two 
lengths extending similarly at right angles to the line, 
each being approximately 40 feet long. The total 
length of strips connected to each tower is therefore 
380 feet. This metallic strip was buried approximately 
18 inches in the ground where soil conditions permitted. 
The reduction in tower footing resistance is shown from 
Table VII to be exactly 50 per cent. 

Since these ground rods and counterpoises have been 
in service only a comparatively short time, the bene- 
ficial effects which are expected from their use have 
not as yet been proved. The limited data available, 
however, seem to indicate that the counterpoise in 
particular is giving a degree of protection against light- 
ning considerably in excess of what is indicated by the 
mere numerical reduction in tower footing resistance. 
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TABLE VI—EFFECT OF GROUND RODS* IN REDUCING TOWER 
FOOTING RESISTANCE DEEPWATER-PLEASANTVILLE 


Resistance Resistance 
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*100 lb of salt per 20 ft rod and 5 ground rods per tower. 


TABLE VII—EFFECT OF COUNTERPOISES IN REDUCING 
TOWER FOOTING RESISTANCE GLENLYN-ROANOKE 
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CONCLUSIONS 


1. Reasonably good protection against lightning has 
been afforded station apparatus on this system by the 
use of lightning arresters and grading insulation at the 
substation as is evidenced by the failure of only one 
power transformer during the three years covered by 
this investigation. The fact that a transformer failed 
although protected by a lightning arrester still shows 
that there is something to be accomplished before we can 
provide 100 per cent protection to station apparatus. 

2. Grading shield protection on the line itself has 
proved very effective as evidenced by the relatively 
small number of damaged insulators and burned con- 
ductors—troubles which in no case have required a 
line to be kept out of service for repair. Line inspec- 
tions have shown that the grading shields have taken 
the power arc in the majority of cases. 
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3. Transmission line outages are materially reduced 
by reduction of tower footing resistance. However, 
tower footing resistances as low as 3 ohms do not 
guarantee immunity from lightning outages even 
though the lines are equipped with an overhead ground 
wire. 

4. In case of two circuit lines the per cent of outages 
affecting both lines increases as the size of the system 
(kva generating capacity) is increased. 


5. No evidence of direct hits to the line wires them- 
selves between towers has been found. (Previous to 
the installation of a ground wire on the Lima-Twin 
Branch Line evidence of burned conductors in the 
span was reported.) 


6. Increasing line insulation considerably on lines of 
low operating voltage (132-kv insulation for 33-, 44-, 
and 66-kv lines) has not been sufficient to prevent 
follow-up current and consequent line outage in case 
of lightning flashover. 


7. Lightning flashovers on a typical group of lines 
causing power follow-up resulted in single-phase faults 
in approximately 73.8 per cent of the cases (divided as 
follows: top 28.9 per cent, middle 22.8 per cent, bottom 
22.1 per cent) two-phase faults in 19.6 per cent of the 
cases, and three-phase faults in 6.6 per cent of the 
cases. With this record, it is hard to justify the theory 
that all or even the majority of lightning outages on 
these lines have been the result of direct lightning 
strokes to the lines, overhead ground wires, or towers. 


8. The only line using two overhead ground wires 
directly above the transmission circuits has throughout 
a period of years shown an excellent performance even 
though the average tower footing resistance of the line 
was 12 ohms. On two other lines using two ground 
wires, one directly below the other, the outage per one 
hundred miles of line per year is less than the average 
although still not as good as that line where both 
ground wires are above the transmission circuits. 


9. The large number of lightning outages per one 
hundred miles of line per year on wood pole lines 
operated at 132-kv seems to indicate that the degree 
of lightning protection assumed to be possible with 
the use of wood or lightning insulation has not been 
obtained in this case. 
in both cases these wood pole lines are not equipped 
with the overhead ground wire, that this may account 
in part for the excessive number of line outages in these 
cases. 
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Discussion 


Everett S. Lee: There is a great difference between the situa- 
tion today and that in 1925, which may be taken as the year 
when the last romance with lightning by the electrical engineers 
began. That was the year of many storms; the wreck of the 
Shenandoah came about that time. 

Mr. Sporn in a paper in the Transactions for 1926! says: 
‘While these troubles were occurring, it was impossible to get 
any accurate data as to what was happening. Lines were 
flashing over, insulators were being shattered, the conductor was 
being burned, the field forces were too busy trying to place the 
line in an operating condition with minimum delay to be able 
to give very much attention to the details of what was happening. 
Things were happening so thick and fast that there was no 
opportunity to stop and consider the matter calmly. With the 
approach of the end of the lightning season a little more time 
could be taken to determine what had actually happened to make 
an intelligent analysis.’’ Most of us at one time or another have 
found ourselves in the midst of kindred troubles so that this 
graphic description finds a human response within us. 

Coincidently with the need for analysis, which was evident 
generally, came the necessary tools, for Messrs. Cox and Legg 
presented a paper? at Saratoga in 1925 telling of the klydono- 
graph and the use of Lichtenberg figures as a means for measuring 
surge voltages. At the same convention, Messrs. McKachron 
and Wade gave a paper’ describing the application of the cathode- 
ray oscillograph to time-lag studies of sphere spark gaps, tech- 
nique in the same field. 

Then started the romance of the engineer with lightning. Out 
into the field they went on many different systems—east, west, 
north and south, equipped with devices advancing year by year. 
Klydonographs and surge-voltage recorders were dotted thickly 
along transmission lines to measure the voltages there. Up went 
the recorded voltages, 1 million, 2 million, 3 million, 5 million. 
The cathode ray oscillograph, laboratory instrument of the 
scientists was taken out into its mountain home to await the 
coming of the lightning which the observers prayed would come 
in abundance and which the operators prayed would stay away 
with its devastation. But it did come and the cathode ray 
oscillograph, waiting, revealed the wave form of the voltages 
measured by the surge-voltage recorders. This brought micro- 
seconds into the picture and the engineers talked glibly of 1 
microsecond and 10 microseconds, and yesterday and today we 
are talking standardization of these values as we would talk 
standardization of volts and ohms and amperes and degrees. 


1. Lightning and Other Experiences, by M. L. Lindeband and P. Sporn, 
A.I.E.E. Trans., Vol. XLV, 1926, p. 770. 

2. The Klydonograph and Its Application to Surge Investigation, A.1.E.E. 
Trans., Vol. XLIV, 1925, p. 857. 

3. Study of Time Lag of the Needle Gap, A.I. E. E. Trans., Vol. XLIV, 
1925, p. 832. 
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And so the romance continued. With the measurements of 
lightning voltages came the need for rating the severity of light- 
ning, so the storms were counted, and the lightning severity 
meter was devised and used. Then came the wish to know more 
about the currents involved, and the lightning stroke recorder 
was developed and more data appeared along the transmission 
lines, and we began to talk of 50,000 and 1,000,000 amperes. 
And in the paper by Messrs. Lewis and Foust, we find an in- 
tensive study of the tower currents from lightning stroke recorded 
records and a new instrument referred to, the surge-crest ammeter, 
described elsewhere in the technical press, used for an extension 
of this work. 

With the gathering of all these data and the intensive analysis 
accompanying it, the transmission engineers began to talk of new 
schemes, the counterpoise came into the picture to supplement 
the ground wire; lightning protection wires appeared, and through 
it all, the ground wire of old rode safely through the storm, being 
rendered even more effective by these devices. New words came 
into prominence, rationalization and coordination, and now 
these are subjects for standardization. Direct strokes and in- 
duced strokes became the subject of conversations, papers and 
discussions, and today the knowledge of these is more certain, 
though apparently not yet the subject for standardization. 

Through all of this romance, there has been brought to the 
A.I.E.E. the results of those who have worked so wonderfully 
and so effectively in this field. Their reward is their satisfaction 
of a work well done. And unlike that of Mr. Sporn’s experiences 
related in his 1926 paper, we find in this present paper these 
words: 

“The faet that comparatively few insulators, burned con- 
ductors, or hardware have been observed, and rarely of sufficient 
importance to require servicing, shows that the arcing protection 
has been very effective in preventing severe damage to the line. 
The protection afforded by the rings to line insulators is in line 
with prediction and past experience. 

“During the three years’ operation, 1929-30-31, no trouble 
from lightning on the 132-kv lines has made necessary holding 
the line out of service longer than the time necessary to reclose 
the switch.” 

These are some of the results of the work which came after the 
intelligent analysis. All problems have not yet been solved, but 
we believe they are on a substantial basis. 

In looking over some of the reports forming a basis of these 
papers, the writer found the following tabulation: 


Year 

1927 100 
1928.. 100 
TO QO RR stesenicres 130 
930 se grace 100 
TOS 1 Mca eo 70 
HOS Des eo ae 50 


These are storm severity records for one of the large trans- 
mission systems of the east based on storm reports and line 
operation. Similar figures given by Mr. Sporn for his system do 
not show the same relative severity decrease in the last two years, 
even though his line performance record shows more satisfactory 
attainment. These data are a necessary part to the whole pic- 
ture in order that proper credit may be given to the design of the 
line and associated apparatus throughout in view of the line 
performance. There is still much room for advance in the design 
of instruments for recording lightning severity, and though the 
problem is difficult, and the expense great, it is to be hoped that 
success will ultimately be achieved in this regard. 

A. O. Austin: The very complete information upon the 
operating records of the American Gas and Electric Company’s 
system is worth many times the expense and time required to 
collect and compile, as records of this kind eventually make it 
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possible to compare different types of construction and methods 
of operation. What we really need is a comparative reliability or 
performance index for different types of construction, so that 
new lines can be designed and installed upon a better engineering 
basis. There are so many factors involved that it would seem 
almost impossible to devise a scheme of analysis which would 
provide an operating index. However, continued work upon a 
scheme shows that much ean be accomplished when checked with 
operating results such as those given by Mr. Sporn, and it is 
hoped that the Institute will have the benefits of further reports 
of this kind. 


The effect of high towers in inereasing the number of hits to 
the system as well as the length of span in increasing the im- 
pedance which affects the drainage of the charge for a direct hit 
all show their effect upon operation, other conditions being equal. 
It would seem that high ground capacitance rather than a low 
ground resistance is an essential. The presence of water in the 
ground lowers the ground resistance but greatly increases the 
capacitance. This is of material benefit not only in absorbing the 
charge but in lowering the effective height or exposure of the line. 
High ground capacitance may be obtained even for conditions 
where a low ground resistance is not possible by the use of a 
counterpoise or a grid system radiating from the tower. 


It has long been evident that a line may have an entirely 
different exposure for negative and positive strokes. While in 
general negative strokes are much fewer their tendency to cause 
tripouts is much greater as the current values probably are very 
much higher in most cases, so that the impedance drop may be a 
factor which probably should be given more attention. Shorten- 
ing the span not only reduces the impedance in the ground wire 
but makes it possible to lower the effective height of the system. 
A relatively low transmission line without ground wire protec- 
tion possibly may have fewer tripouts, even though every direct 
hit to the system causes a tripout, than a system having a greater 
exposure but in which a portion of the hits only causes tripouts. 

Reducing the impedance of ground wire systems by shortening 
spans, cross connecting the ground wires, and by providing grids 
or counterpoises certainly will be given much more attention in 
the future than in the past. This together with the decreased 
exposure will tend to provide much higher reliability. 

Mr. Sporn has pointed out that the possibility of trouble due 
to induced voltage cannot be overlooked. Fortunately the 
gradient affecting the transmission line is not very high for most 
lightning discharges even in the vicinity of a direct hit. How- 
ever, where the gradient is high the release of a bound charge 
easily can cause flashover, as shown by Mr. Sporn’s report. 
Very high ground wires are costly and increase the exposure, and 
when they are connected to the towers it must be remembered 
that the flashover voltage of the insulator must be depended upon 
to prevent a tripout unless the impedance of the path of the 
discharge to ground is very low. The path taken by a discharge 
following a direct hit indicates that the wave fronts are ex- 
ceedingly steep. 

On large interconnecting systems it frequently is difficult to 
limit the normal frequency current from phase to ground, but 
where this can be accomplished a flashover may not necessarily 
result in a tripout, as the negative coefficient of the are is an 
important factor in maintaining a path of low resistance to 
ground. Any reduction in the normal frequency current tends 
to allow quenching of the are due to radiation. Increasing the 
effective flashover voltage and limiting the normal frequency 
current by resistance or reactance in the neutral will do much to 
quench the normal frequency ares tending to follow a flashover 
from lightning, and undoubtedly can be used to improve the 
operation for many systems. 

It is to be hoped that more operating records will be available, 
so that the effect of various factors upon the relative performance 
can be used to obtain an operating index which will be a guide 
to designing as well as the treatment of existing lines. 
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V. M. Marquis: In the past it has been necessary to rely to a 
great extent upon tower climbing inspections and relay targets 
to determine the phase or phases involved in any flashover due to 
lightning. Relay targets are not always positive in their action: 
and tower climbing inspections have the disadvantages that (at 
least in some districts where inspections are rather infrequent) it 
is difficult definitely to correlate visual damage with specific 
outages. 
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Fig. 1—Sineue-Circuir Ourace Dur to LicgHTNING 


No. 1 circuit—10 cycles to clear 
Glen Lyn-Roanoke 132-ky double-circuit line, August 29, 1932—11.06 a.m. 


An additional means of checking the phase location of damage 
on transmission lines has been made possible with the develop- 
ment of the latest type of automatic magnetic oscillograph. 
This has overcome the limitations of the older types with respect 
to the slow starting characteristics and the necessity of changing 
films after each or at best after a limited number of records. 
Also, with the new type of oscillograph, all but about the first 
half cycle of the follow-up current is recorded, and such a record 
gives a most definite and positive means for determining the 
phases in trouble and the sequence of events after the appearance 
of the dynamic follow-up current. Such an instrument should 
prove very beneficial in the study of lightning from the stand- 
point of the follow-up normal frequency currents that result from 
a lightning flashover. 
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No. 1 cireuit—13 cycles to clear 

No. 2 circuit—46 4 cycles to clear 

Glen Lyn-Roanoke 132-ky double-circuit line, September 1, 1932— 
1.32 p. m. 


38—Dovsie-Circuir Ourace Dus tro Ligurnina 


During the early part of 1932 an automatic oscillograph of the 
latest type was installed at Glenlyn and connected so as to 
measure the 6 line currents on the double-circuit Glenlyn- 
Roanoke 132-kv line. Records were obtained of all outages 
during the past year, and some of these records should prove of 
interest. 

Fig. 1 shows a single-circuit outage in which a flashover oc- 
curred on the top conductor of cireuit No. 1. It will be noted 
that there was no follow-up current on any of the other con- 
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ductors. It would appear that a direct stroke to this top con- 
ductor might explain this outage. 

Fig. 2 shows a single-circuit outage due to lightning, in which 
the follow-up current existed only in the bottom conductor of 
cireuit No. 2. This flashover can reasonably be accounted for by 
either a direct or induced lightning stroke. 

Fig. 3 shows a double-cireuit outage in which both circuits 
evidently flashed over at about the same time. This flashover 
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No. 2 circuit—18% cycles to clear 
Glen Lyn-Roanoke double-circuit line (132 kv), July 14, 19832—5.07 p. m. 


involved the middle conductor of both circuits and the bottom 
conductor of circuit No. 1. This particular flashover can be 
accounted for by an induced lightning stroke, but it is not so 
readily accounted for if a direct stroke to the system is assumed. 

In Fig. 4 is shown another outage that eventually involved 
both circuits. The interesting point brought out by this oscillo- 
gram is that the follow-up current which started on the middle 
conductor of circuit No. 2 cleared before a short circuit took 
place on the top conductor of circuit No.1. Some % of a cycle 
elapsed between the time the are went out on cireuit No. 2 and 
started on circuit No. 1. In this particular case we have no way 
of definitely knowing whether the second fiashover resulted from 
the first, or whether there were actually two separate and distinet 
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Fig. 4—Dovusue-Cigcuir Outage Due to LIGHTNING 


No. 2 circuit—12 cycles to clear , 
No. 1 circuit flashed over 3 cycle after circuit No. 2 cleared 
Glen Lyn-Roanoke double-circuit line (132kv), July 6, 1932—1.32 p.m. 


lightning discharges. However, it would appear that the trouble 
on the top conductor of circuit No. 1 was a direct result of the 
trouble on the middle conductor of circuit No. 2 and not initiated 
by the original flashover. 

A physical inspection of the line or a report based on relay 
targets would, of course, list this as a double-circuit outage. 
Furthermore, it would probably be explained as a direct stroke 
to the top conductor and such an explanation would, of course, 
be incorrect. 
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In general, it has been found that the oscillographie records 
agree with relay targets as to the location of outages with respect 
to phases, and that the totalized outages with respect to phases 
are in fairly close agreement as recorded by the oscillograph and 
by tower-climbing inspection reports. However, by proper use 
of the oscillograph all possibility of doubt can definitely be 
removed and a positive record obtained of the sequence of events 
during the outage. 

There were no double circuit outages on the Glenlyn-Roanoke 
line that could be attributed to an overload or unstable condi- 
tion; that is, there was no evidence of an outage of one circuit 
resulting in a disturbance that caused the second circuit to trip. 
This is definitely shown by the oscillograph records obtained 
during the past lightning season. A study of the outages on all 
other double-cireuit lines of the system has led us to believe that 
none of the double-cireuit outages so far experienced has resulted 
from power swings or straight overloading of the second circuit 
due to tripping of the first. 

F. W. Peek, Jr.: This paper contains much more fundamental 
information than is apparent on a casual reading. This is 
illustrated by referring particularly to Fig. 5. This figure shows 
that even when the tower footing resistance is as low as 3 ohms, 
one outage can be expected in every ten storms and that the 
lightning outages per storm increase until the footing resistance 
reaches 40 ohms. At higher resistances the outages do not 
increase. It would appear that the particular outages affected 
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by resistance are due to direct strokes since the lower values of 
resistance would not reduce the efficiency of the ground wire. It 
is possible from these two points on the curve to get an approxi- 
mate idea of the minimum and maximum values of direct stroke 
currents. We have found that the voltage V on an insulator due 
to a direct stroke to the tower is 
Ve—1O:Sen ie 

where J is the lightning current and R the tower footing re- 
sistance. 

The insulator sparkover of this line is approximately 1,200,000 
ky. Therefore, the current is 


_ 1,200,000 
0.8R 


Where 1 outage occurs in 10 storms, the footing resistance is 3 
ohms. Therefore a maximum eurrent of 500,000 amperes would 
be expected in one direct stroke to the line in 10 storms. From 
the other end of the seale, it follows that the minimum direct 
stroke current for lightning storms equals 

1,200,000 


= “0.8 X 40. = 37,500 amperes 


= 500,000 


These values are very approximate, it is true, but they indicate 
the order of the current range of direct strokes and, incidentally, 
are of the same order as those obtained by direct measurements. 


Impulse and Dynamic Flashover Studies of 
26-Kv Wood Pole Transmission Construction 


BY A: 5S. BROOKES" 


Associate, A.I.E.E. 


Synopsis.—This paper presents the results of a series of labora- 
tory tests made with a million volt surge generator and 60-cycle high- 
voliage testing equipment on unit pole transmission construction now 
in standard usage on a large 26-kv transmission system. Actual 
impulse curves are given for several types of straight span pole top 
construction. Basic values of impulse flashovers are presented which 
should facilitate coordination of impulse insulation between poles of 
any similar transmission lines, aid in applying protective gaps, and 
furnish a guide to the comparative impulse strength of both present 


INTRODUCTION 


HIS study has been made on the 26-kv wood pole 
transmission construction of the Public Service 
Electric and Gas Company in cooperation with 

the Westinghouse Electric and Manufacturing Com- 
pany. The objects of this investigation were to secure 
adequate data to estimate the relative lightning per- 
formances of present and proposed construction. 


EQUIPMENT 


The series of tests was made by subjecting actual unit 
pole assemblies to impulse and 60-cycle voltages, 
separately and simultaneously. The test equipment 
consisted of a million volt surge generator! and a 60- 
cycle, 750-kv test set. 


TEST WAVE 


For all tests a 0.5-0.75/60 positive wave was used. 
No corrections were made for barometer or humidity. 

In plotting volt-time curves® of combinations in- 
volving wood, the a-c flashover voltages sometimes 
exceeded the impulse. This irregularity is ascribed to 
the variation in wood specimens, the difference in path 
of the impulse arc at long and short time flashovers; and 
to the difference in path of the impulse and dynamic 
flashovers. However, as the 60-cycle datum point is 
taken on the steep front of the wave, a large variation 
in this value will change the impulse curve but slightly. 

In applying the volt-time curves given in this paper, 
the regions below one microsecond should be considered 
approximate since the measuring circuit may have 
distorted the wave front slightly and the a-c flashover 
values may be erratic. 


60-CYCLE AND IMPULSE TESTS ON COMPONENT PARTS 
OF Woop POLE Tops 


It was desired to obtain some simple basic means of 


*Public Service Electric and Gas Co., Newark, N. J. 

+Westinghouse Electrie and Mfg. Co., East Pittsburgh, Pa. 

1. For references see bibliography. 

Presented at the Winter Convention of the A.I.E.E., New York, 
N.Y., January 23-27, 1933. 
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and 


and new types of construction. Defects in present design standards 
and possible improvements are discussed. 

An analysis of the factors governing the development of a power arc 
following impulse sparkover and corresponding experimental data 
showing the extent of occurrence of such arcs are presented. The 
paper concludes that reliance wpon air or wood separations within 
the usual physical limits to prevent lightning outages will be unsatis- 


factory, and discusses the application of protective measures. 
* * * * * 


comparing pole top flashover values. Unfortunately 
preliminary tests showed that when wood is involved, 
no workable relationship exists between impulse and 
a-c values. Accordingly impulse tests were made on 
the component parts of pole top assemblies so that the 
data secured could be used to compare other pole tops. 

Sixty-cycle flashover tests were made on wooden 
crossarms and on each component assembly. Fig. 1 
shows the range of values for dry seasoned arms, for 
unseasoned arms and for wet arms, with their averages. 


Vaaradannae 
ao 


KILOVOLTS RMS 


FEET OF wooD 
Fig. 1—60-CyrcLz FLASHOVER VALUES FROM TESTS ON Dry, 
WET, AND UNSEASONED FIR CROSSARMS 


The results on crossarms in combination with porcelain 
are given with the impulse curves. 

These 60-cycle crossarm test results may be summa- 
rized as follows: 

1. Both unseasoned and wet wood have negligible a-c 
insulation strength. 

2. Creosoting does not appreciably alter the 60-cycle 
insulation of wood. 

8. The 60-cycle values vary so greatly for different 
specimens and conditions that they give no indication 
of the impulse strength. 

In securing volt-time impulse curves, one terminal 
was grounded. This method gives actual impulse flash- 
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over voltages when the arc is from any conductor to a 
ground but the values give only comparative impulse 
strengths for flashover between conductors. For the 
latter case, it would be necessary to consider, among 
other factors, the induced voltage on the second 
conductor. 

No data are here given for sparkovers in midspan, as 
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down curves for different time lags. It will be noted 
that there is a wide scattering of points, the extreme 
points in the volt-time band being nearly 20 per cent 
from the median curve. These erratic results are ex- 
plained by the non-homogeneity of the wood and 
variation in physical characteristics of the different 
specimens tested, such as moisture, aging and type of 
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Breakdown curves for fir crossarm 
and one 45-kv porcelain pin insulator 
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Breakdown curves for 2 insulators mounted 
on the same arm, spacing varied 
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Breakdown curves for 2 insulators mounted on a 
10-ft arm, with various brace lengths (see Fig. 3) 
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Breakdown curves for 2 insulators each 
mounted on a separate crossarm, the cross- 
arms being separated vertically 


Fig. 2—Typicat Voit-Time Curves AND BREAKDOWN CuRVES FoR Component Parts oF Woop PotEe Top ASSEMBLIES 


adequate information on air breakdown is available. 
The following pole top component parts were considered 
essential. 

Various lengths of fir crossarm. The crossarms used 
were standard creosoted fir arms of 4 by 5 in. cross sec- 
tion which had been used for several years. The elec- 
trodes consisted of two metal bands around the cross- 
arm. Fig. 2 shows typical volt-time curves, and break- 


grain. Considerable variance was found in tests on a 
single arm with all external conditions constant. 

Investigation of the comparative impulse strengths of 
wet and dry, freshly creosoted and untreated, new and 
well seasoned, and of splintered and unscarred arms 
failed to reveal any measurable trend due to these 
causes. 

Pole tests. Some tests made ona section of wood pole 
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alone between electrodes of wire banding showed such 
a wide variance between individual poles that the tests 
were not extended, particularly since values are avail- 
able.** Impulse tests on a badly checked and weathered 
chestnut pole showed a sparkover voltage of about 90 
ky per ft at 5 microseconds. The impulse spark oc- 
curred within the wood fibers and oscillograms showed 
a slow voltage drop at breakdown, similar to a discharge 
through a high resistance. 

Sparkover from one conductor to grownd over arm. 
Breakdown curves for different time lags are shown in 
Fig. 2. The impulse voltage was applied to an 8-ft rod 
mounted on an insulator. A grounded band around the 
arm at various distances from the center line of the 
insulator formed the other electrode. The volt-time 
curve shows scattering similar to the crossarm tests. 
The insulator used on all tests was the standard 45-kv 
pin type. 

Sparkover from conductor to conductor on the same arm. 
Breakdown curves are shown in Fig. 2 for sparkover 
between conductors mounted on insulators at varying 
spacings on the same arm. Due to the air breakdown, 
the original data points show but slight scattering. 

Sparkover between conductors spaced 8 ft on a crossarm 
with varying lengths of arm short-circuited. 'This test 
was to simulate metal braces of varying lengths. Fig. 3 
shows the test arrangement and Fig. 2 gives the break- 
down curves. 

Sparkover between conductors separated vertically. 
Sparkover between conductors on insulators mounted 
on crossarms, one vertically above the other, was 
measured for varying spacings. Breakdown curves are 
shown in Fig. 2. 

Comparison of impulse strength calculated from these 
curves and actual pole top values show a maximum 
deviation of 20 per cent and an average of about 10 per 
cent. Actual conditions on a pole may vary consider- 
ably from test conditions, due to gradient distortion by 
adjacent metal. Fig. 4 shows a comparison of the 


2A= TOTAL FEET OF WOOD 
Fig. 3—Trst ARRANGEMENT FOR Two 45-Kv Pin INSULATORS 
Movuntep on A 10-Foor Fir CrossarmM with Merat STRAPS IN 
CENTER SIMULATING Various LENGTH CrossARM BRACES 


measured values on a double-armed pole with those 
estimated from the component part curves. Since the 
sparkover voltages for double arms are about 7 per cent 
higher than for single arms, the agreement will, in 
general, be closer than indicated. 

Wood poles, crossarms, and particularly wooden 
braces shatter considerably under impulse sparkover. 
With the available surge current, no appreciable 
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increase in shattering due to bolts or hardware was 
noticed, although with the high current in lightning 
strokes, the establishment of multiple paths may cause 
such an effect. Tests show a lower sparkover voltage 
through wood fibers than for surface flashover, thus in- 
creasing the tendency to splinter. With properly de- 
signed gaps, the path of the spark may be confined to 
the air as shown in Fig. 6. Tests on the gap clearances 
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Fic. 4—Comparison ACTUAL AND EstTiIMaTED FLASHOVER 
CuRVES FOR VERTICAL CONFIGURATION POLE wiTH DOUBLE 
ARMS AND Merat Braces 


Curve 1A—-Flashover from phase A» to phase B2 
1B—Same, estimated 
2A—Flashover from phase Az to phase A3 
2B—-Same, estimated 
3A—-Flashover from phase A; to phase B; 
3B—Same, estimated 


necessary to protect wood insulation checked Melvin’s 
results.2 Needle gap spacings to protect given assem- 
blies may be obtained from needle gap curves and the 
component part curves given in this paper, allowing 
a reasonable factor of safety. 

It was impractical to make tests covering many com- 
binations of insulation in series. The curves given, 
while necessarily not complete, will be of chief value in 
designing for preferred sparkover paths and for com- 
parison of insulation levels. 


TESTS ON STANDARD TYPES OF 26-KV TRANSMISSION 
Woop PoLE ASSEMBLIES 


To check the estimated values of pole top sparkover 
voltages, several types of straight span, 26-kv trans- 
mission poles now in use were constructed and tested. 
Volt-time curves were determined for flashover be- 
tween any two conductors and for conductor to grounded 
guy sparkovers, when within range of the surge genera- 
tor. As the component part curves were found reason- 
ably accurate for estimating, tests were not made on 
angle or pothead poles. In all tests 8-ft copper rods 
simulated the conductors. Only representative values 
are given as space does not permit inclusion of the com- 
plete impulse curves for each sparkover path. Table I 
gives the dimensions of all standard pole tops tested. 

Fig. 5 presents a summary of the results from all pole 
tops tested. It will be noted that wooden braces on the 
horizontal configuration pole do not improve the line- 
to-line insulation. On the triangular configuration pole, 
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TABLE I—STANDARD 26-KV LINE POLE TOP DIMENSIONS FOR USE WITH FIG. 4 


Crossarm 
vertical Conductor spacing in inches 

Configuration Crossarms spacing Braces A; — B Ao — By A3 — B3 
Double-circuit... | ....... Ones 7 ft jes tees a ATS ayes, Sas ates le Metal— (» {didiaeoteiess (Gee Ne enous see otaiehavs DD) etstcd oncrova eehoueiaenee 40 
Triangular One 10 ft Spread—60 in. 

Drop—18 in. 

Double-circuit... | ....... PE WOM CEUs. ccrleldtncs 6. shs .s ADA Ss iach at Same... 43.0 cee eee Wi Gaetitatke eis @ cpt oct LED aaa eee choacs eventos 76 
Vertical One 10 ft 
Single-circuit.... | ....... OIG OD tsretepahes tea aitee aen bis oon odius Soaner aed Samos auc coracene ( Aig APS oe ce we ( AD PA RN cise atsrew A, — A3 
Horizontal 36 ) 76 ) ( 112 ) 


about 40 per cent increase in line-to-line impulse 
strength is gained by using wooden braces. Due to the 
equilateral spacing, nothing can be gained by increased 
arm separation. Wooden braces on the vertical con- 
figuration pole about double the line-to-line insulation. 
At 60-in. arm spacing the minimum line-to-line insula- 
tion becomes as great as can be secured, due to the fixed 
clearances across the 7-ft arm. 

The lowest line-to-ground sparkovers for various guy 
positions on a pole using standard insulator spacing on a 
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Curve 1. Ai-A2 standard (See Table I) 
Curve 2. Ai-A2 double arms 

Curve 3. A1-A2 arms spaced 48 in. 
Curve 4. A:-A2 arms spaced 60 in. 
Curve 5. A:1-B: standard (See Table I) 
Curve 6. A:i-B: double arms 


of a power arc following an impulse breakdown would 
require controlling numerous factors among which are: 

1. Magnitude of the 60-cycle power voltage. 

2. Angle on power voltage at which the impulse 
breakdown occurs. 

3. Length of breakdown path. 

4. Magnitude and duration of impulse current. 

5. Breakdown through air or solid dielectric. 

6. Voltage recovery characteristic at flashover point. 

7. Short-circuit current available. 
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Curve 7. A:-B; long-arm brace 60 in. spread, short 48 in. 
Curve 8. A2-Az arms spaced 36 in. 

Curve 9. guy to crossarm through bolt 

Curve 10. guy to brace: 2 guy insulators 

Curve 11. guy to brace: 4 guy insulators 

Curve 12. guy between brace and crossarm 

Curve 13. typical wood strain guy insulator 


Fig. 5—Summary or Minimum Line-tTo-Line FLaAsHOvVER VOLTAGES FOR VARIATION IN 3 TypEs OF PoLtn Tops AND FoR VARIOUS 
_Guy Posirions; Dorrep CurVES ARE FOR WOODEN CrossaRM BRACES 


7-ft arm are also shown in Fig. 5. It can be seen that 
small porcelain guy insulators add very little insulation 
and also that guying to the double arm through-bolt is 
very undesirable. When line stresses permit, the guy 
should be attached several feet below the bottom brace. 
When guying to adjacent poles, as great a distance as 
possible should be left between the: point of attach- 
ment and any ground. 


POWER FOLLOW TESTS 
To make a comprehensive study of the development 


In this investigation, data were sought on factors 1 
to 5 inclusive. 

Fig. 7 shows the test circuit. The tripping potential 
could be varied in 30 degree steps leading or lagging 
the crest voltage of the supply. The short-circuit cur- 
rent at 26.4 kv was limited to 24.2 rms amperes sym- 
metrical current. The voltage was controlled by a 
regulator in series with the 350 kva, 4,800/30,000-volt 
transformer. An arrester and inductance protected the 
transformer winding. The gap electrodes were copper- 
weld rods, 14 inch diameter. Maximum consistency in 
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results was obtained by energizing the master trip gap 
and then charging the surge generator. 

For a given tripping angle, the gap was progressively 
increased until the maximum distance at which power 
would follow was reached. Fig. 8 shows the results of 
several hundred tests at 26.4 kv at gap spacings from 3 
to 50 inches. The height of each rectangle indicates the 
range of variation of the follow distances, those greater 


Fig. 6—VERTICAL CONFIGURATION PoE Tor WiTH GaP Fo 
PREVENT Woop FRoM SHATTERING 


All dimensions in inches: for crossarm and brace dimensions see Table I 


than the upper limit not permitting a power arc, while 
those less than the lower limit resulting in an are on 
every trial. The rectangle base gives the probable 
range of angles, taken from osiso records, at which the 
impulse breakdown took place. 

Fig. 9 shows the effect of varying the magnitude of 
the power voltage with a constant tripping angle. The 
linear characteristic shows that other factors involved 
probably remained unchanged. 

Breakdown through wood. Testing with the tripping 
connections to give maximum air power follow, wood 
was subjected to breakdown with an air gap in series to 
prevent continuous application of the a-c voltage to the 
wood. For surface breakdown, the power follow distance 
was substantially the same as in the air gap tests. 
When any part of the breakdown was within the body 
of the wood for a minimum of 12 inches, power follow 
was prevented. In many cases a shorter wood path 
sufficed, but the results were variable for lengths under 
12 inches. 

The gradient necessary to maintain a discharge in a 
closely confined path is greater than in open air. The 
impulse arc is thus quickly deionized and a power arc 
prevented by confining the discharge within wood fibers. 
Transmission line inspections have revealed many 
instances where crossarms and pole sections have been 
splintered by lightning without resulting outages. 

Using various means of confining the impulse break- 
down within wood, the effectiveness of wood as a de- 
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ionizing agent was demonstrated. Thirty discharges of 
6,000 amperes between nails driven in the center of a 
4 by 4 in. cross section gave no power arc, but shattering 
increased with smaller cross sections. Trial installations 
of the wooden block protector are in service and use of 
them in the future will depend on the operating record 
obtained. Design details of the blocks will require 
further field experience, but will probably be similar to 
those in Fig. 10. Application will be similar to that of 
the deion protector. 

Another deionizing device for use in series with an air 
gap consisted of a fine wire, over 12 inches long, clamped 
between two pieces of wood. The breakdown potential 
is that of the series gap. Later tests with this device 
connected between phases of a 22-kv line showed a dis- 
charge of the line capacitance and restoration of poten- 
tial without passage of power current. This device has 
possibilities as a back-up relief gap for substations. 

Interpretation of results. An impulse breakdown re- 
sults in a highly ionized path of small cross section. The 
inductance of the path being negligible, the line capaci- 
tance instantly begins to discharge. Load current trans- 
fer into the arc will be negligible during and immedi- 
ately following the impulse breakdown. If the arc is to 
continue, the are voltage must become and remain 
lower than that of the line during this brief period. 
Fig. 11 shows the transient relations existing during the 
discharge of line capacitance. The voltage to maintain 
the arc rises rapidly after the impulse ceases. If the 
are voltage e, rises higher than the instantaneous cir- 
cuit voltage, e(¢), a condition dependent upon the point 
of breakdown on the 60-cycle wave and the nature of 
the path, the arc is effectually broken; the entire proc- 
ess taking from 200 to 400 microseconds.’ 
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If power current flows, it generally follows a transient 
half cycle which depends on the circuit reactance, the 
arc voltage and the point of breakdown on the 60-cycle 
wave. The fate of the arc is decided at the first current 
zero and conditions at this time depend upon the cur- 
rent transient immediately preceding. The problem is 
essentially that of the extinction of a long a-c arc in air, 
discussed by Slepian.® 
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Fig. 12 shows the current transient for impulse break- 
down at 30 and 150 degrees on the voltage wave. The 
instantaneous voltage tending to initiate the arc is the 
same in each case, but the ensuing current transients 
differ greatly. J, has a high maximum and decreases 
rapidly near zero, while J, has a low maximum and de- 
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Fig. 8S—VARIATION OF PowER FouLow DISTANCE WITH POINT 
ON THE 60-CycLE VoLTAGE WAvE at Wuicu ImpuLsE BREAK- 
DOWN OccURRED 


creases slowly near zero. At zero for J, the are path 
must withstand a transient recovery voltage of about 
2 e1, while, at zero for J:, it must withstand only about 
2 €o. 

At current zero, the deionization of a long arc in air 
may be considered as due to diffusion of ions from the 
high temperature core of the positive column to the 
cooler boundary regions surrounding the are and their 
subsequent recombination in this region. If this expla- 
nation be accepted, a qualitative expression for the 
breakdown gradient of the arc space after current zero 
18: 

B —t 
wae € (1) 


xX = 


where x = breakdown gradient in volts per cm 
t = time after current zero 
a = radius of arc section 
NM» = ion density at current zero 
B,c = constants 
Since the cross sectional area of the are lags behind 
the decreasing current, its value at current zero will be 
greater, the higher the rate of current decrease. It is 
evident from Fig. 12 that J, requires a much larger arc 
section at maximum current than does 2. Near current 
zero I, decreases more rapidly than J,. These factors 
give a much smaller arc section at current zero for I, 
than for J;. Equation (1) indicates this variation in are 
section is mainly responsible for the variation of X. 
Thus J, results in a low are breakdown gradient and a 
comparatively high recovery voltage which permits long 
power arcs after impulse flashover, the opposite being 
true for I. 
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In the region near voltage zero, the power voltage was 
insufficient to initiate the current flow except for the 
short spacings noted. Since in these tests no capacitance 
discharged through the impulse path, the rate of current 
flow was determined by the difference between the 
instantaneous are and circuit voltages immediately 
following the impulse current, divided by the circuit 
inductance. Near voltage zero thearc voltagerises above 
the circuit voltage and the transient current flows only 
for short gap spacings. 

Equation (1) also shows that for the actual transient 
currents met in practise the arc breakdown gradient 
curve will have a much lower initial value, and will in- 
crease much more slowly than the low transient test 
current. Therefore, if the conditions necessary for the 
establishment of the first transient half cycle are ful- 
filled, the arc in air will not extinguish at the first current 
zero. Thus the factors determining the occurrence of a 
power arc following lightning sparkover on a transmis- 
sion line must be found in the fast transient phenomenon 
indicated in Fig. 11. 

On a transmission line, the discharge of the line capaci- 
tance furnishes a current to the are much greater than 
the initial test current here described, hence it may 
easily be seen how very long follow ares can occur in 
practise. 

A few tests on the effect of low or high impulse current 
during breakdown revealed no satisfactory definite 
trend. 


GENERAL DESIGN PRINCIPLES 


The data presented can be used to design a pole line 
which should give adequate lightning performance and 
meet local operating requirements. The following fac- 
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tors should be considered in the design of new pole lines: 

1. When the importance of a line economically justi- 
fies it, improved lightning performance may be secured 
by the judicial use of wood and increased clearances; or 
application of a dynamic are suppresser such as the deion 
fiber tube arrester or a device employing the suppressing 
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qualities of wood. Some type of protector is indicated 
as the most efficient method of accomplishing this pur- 
pose, since other data show that the prevention of the 
dynamic follow are by increased clearances is not to be 
relied upon. 

2. Whichever design is followed, the pole top should 
be so proportioned that the lightning sparkover will 
occur through the air, or through the protector rather 
than through the crossarms or wood braces. 

3. When no protectors are used, it will be advisable 
to make the insulation level of the line as high as pos- 
sible, and also of uniform insulation between the several 
types of poles, in order to minimize the number of flash- 
overs. Care, of course, should be taken to provide ade- 
quate protection for equipment at the line terminals, 
and for any intervening cable sections. 

4. When the system conditions make a ground fault 
preferable to one from line to line, it is desirable to make 
the voltage required for flashover to ground less than 
that required between lines. 
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Hig. 10—Two Suaarstep Forms or WoopEN BiocKk 
PROTECTORS FOR 26-KV OPERATION 


5. In the case of two-circuit lines, it is desirable to 
have flashovers between circuits take place between the 
same phases, as then no interruption will result. 

One line embodying these principles has been con- 
structed by the Public Service Electric and Gas Com- 
pany. It uses the deion fiber tube protector, one per 
phase, on a two-circuit pole line in the vertical configu- 
ration. Due to special maintenance requirements the 
top and bottom crossarms are 10 ft and the middle 
14 ft, spaced 4 ft on the pole. The protectors are placed 
on every fourth pole which has metal crossarm braces, 
the intervening poles having wooden cross arm braces. 
Care has been taken to keep the angle pole insulation on 
a high level and to install protectors on adjacent poles. 


CONCLUSIONS 


1. Wood is an effective insulator for lightning voltages 
and should be fully utilized in transmission line design 
when increased impulse insulation is desired. 

2. Thenet flashover voltages (one electrode grounded) 
of wood and porcelain combinations of simple pole tops 
can be estimated within 20 per cent from the data 
presented. 

3. Seasoned wood has high 60-cycle insulating value 
for short times of voltage application when dry, but its 
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insulation value is much impaired with even a slight 
increase in moisture content. Creosoting has no ap- 
preciable effect on these properties. 

4. Creosoting or moisture has no appreciable effect 
on the impulse sparkover values for wood. 
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Fic. 11—Inir1au Fast Transient SUPPLYING CURRENT TO THE 
BREAKDOWN PatH By DISCHARGE OF THE LINE CAPACITANCE 


5. Measurements of 60-cycle arcovers on wood pole 
tops cannot be used as an accurate indication of the 
impulse sparkover voltages. 

6. Tests indicate that the occurrence of the dynamic 
are following sparkover cannot be eliminated by in- 
creased clearances within practical design limits, for the 
operating voltages under consideration. 

7. The fact that the dynamic are was prevented from 
following the path of an impulse are when confined 
within wood fibers offers interesting possibilities for 
field experiments. 
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Fig. 12—Stow TRANSIENT CuRRENT THROUGH THE ARC 


8. Damage to pole tops by wood splintering can be 
prevented by application of a suitable gap having a 
breakdown voltage less than that shown to be required 
to spark over the insulator and wood. 


) 


: 
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9. Data are now available for designing a wood pole 
line with almost any practical degree of lightning re- 
liability, economic considerations being the limiting 
factor. 
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Discussion 


H. K. Sels: At present the more or less definite conclusions 
stated in the paper are justified by test results only, although 
mention was made of a line using the deion fiber tube protector 
and installations of wooden block protectors on the Public 
Service Electric and Gas Company system. It is the purpose of 
this discussion to present the interesting features of these 
installations. 

The line is of vertical configuration and, due to special 
maintenance requirements of keeping 1 circuit in service at all 
times, has two 10-ft and one 14-ft crossarms, spaced 4 ft apart 
on the pole as shown in Fig. 1. As the span length is about 100 
ft, it is believed that adequate protection will be obtained from 
protectors installed on every fourth pole which has metal cross- 
arm braces. Protectors are also installed adjacent to poles with 
potheads, of which there are 4 sets on each circuit, and also 
next to angle poles. Unprotected poles are unguyed and equipped 
with wooden crossarm braces giving flashover values, phase to 
phase, well in excess of 1,000 ky. A large difference in insulation 
level exists between the poles with protectors flashing over at 
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about 200 kv to ground and the intermediate pole insulation 
which is in excess of 1,000 kv. An effort was made to have all of 
the driven ground resistances less than 20 ohms and those adja- 
cent to pothead and angle poles less than 2 ohms. Megger 
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Fig. 1—Protectep Pore Usina Derton Finer Tuse 
PROTECTORS AND Mrrat CrossarM BRACES 


Second pole unprotected with wooden crossarm braces 


Fig. 2—PRo- 
TECTED TERMINAL |’ 
PoLtEe USING hee 
WoopeEN Buock}| 
Protectors WITH| — 
Pin ELEcTRODES 


readings after installation showed that all resistances were less 
than 17 ohms and 85 per cent less than 8 ohms. 

In order to provide some measure of lightning protection for 
two small outdoor substations, each fed by two incoming lines, 
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4 installations of the wooden block protectors have been made. 
These protectors were installed on each pole nearest the sub- 
station, one installation similar to each type shown in Fig. 10 
of the paper being used at each substation. The wooden blocks 
with the pins in the end are mounted on a separate crossarm 
under the line conductors, double blocks being used in case one 
should be shattered by a nearby direct lightning stroke. Fig. 2 
illustrates this installation. The other type of protector with 
turned down ends and tubular electrodes was mounted directly 
on the crossarm with the conductors. In each case the gap 
between the protector electrode and the conductor is 3 inches 
and the distance through the wood is 9 inches. The wood is 
untreated fir, 5 in. by 5 in. in cross section. The lower end of 
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the protectors was connected to a driven ground and a 50 ft 
to 75 ft tie to the substation ground which is under 2 ohms 
resistance. The value of impulse current to which the protectors 
will be subjected is limited by the line insulation and will be less 
than the 6,000 amperes at which the blocks have been tested 
without appreciable shattering. This is believed to be adequate 
to protect the substation bus which is insulated to the 34.5-kv 
voltage class, without any appreciable effect on the line operation. 

Unfortunately, all this work was completed so late in the 1932 
lightning season that no operating results were obtained but it 
is hoped that these installations, together with others, will 
ultimately justify the conclusions drawn from the tests and 
presented in the paper. 


Operating Experience With Wood Utilized As 
Lightning Insulation 


BY H. L. MELVIN* 


Fellow, A.I.E.E. 


Synopsis.—Operating experience with a large number of lines of 
various types, utilizing wood as lightning insulation, has demon- 
strated that ordinary woods have considerable insulation strength for 
lightning voltages, and that wood can be used to advantage in com- 
bination with other measures for improving the lightning per- 
formance of lines. The analyses have contributed materially to the 
present general conclusion that lightning strokes terminating on con- 
ductors and structures are responsible for the majority of lightning 
flashovers, at least on the higher-voltage lines; also that direct strokes 
must and can be coped with. The methods offering the greatest 


promise at present are; (1) diverting the lightning strokes from the 
conductors and conducting the lightning currents to earth without 
permitting flashover to the power conductors; (2) draining the light- 
ning from the power conductors through fast operating dynamic 
follow current interrwpting devices, thus avoiding insulator flash- 
overs; and (3), a combination of these two methods. 

High lightning insulations alone are not generally effective in 
reducing the number of lightning tripouts of lines, though in the 
lower-voltage ranges, some decrease in the probability of dynamic 
current following the lightning arcs may be realized. 


INTRODUCTION 


ITH the active initiation of lightning investiga- 
tions a few years ago, the importance of having 
data on the impulse characteristics of insula- 

tions, and of a better understanding of the use of insula- 
tions available in construction, came to the fore. Wood 
had long been recognized as having insulating proper- 
ties, indicated by application in line construction, use 
in the manufacture of apparatus, and from laboratory 
tests. To obtain measures of the impulse strengths of 
various amounts and kinds of woods as they might be 
used in line construction, and under varying conditions 
of contamination and moisture, a series of tests were 
conducted early in 1928 which were presented to the 
Institute by the author at the Pacific Coast Convention 
in 1929.1 The results of these tests held considerable 
interest, inasmuch as relatively high insulation strengths 
were indicated for lightning voltages for practically all 
of the ordinary kinds of woods, under practically all ex- 
pected service conditions. It also was indicated that 
wood could be protected from damage by the use of 

bypass protecting air gaps. Furthermore, it seemed 
- practicable to materially increase the lightning insula- 
tion strengths of wood lines by rather simple and inex- 
pensive methods. Accordingly, ideas developed from 
these data were applied in an experimental manner in 
the construction of a number of lines, to determine from 
actual experience what service improvements might be 
realized, and for the purpose of contributing to the 
lightning research results. 

These transmission lines under trial, totaling approxi- 
mately 1,300 miles and located on several systems, are 
representative of most of the severe lightning conditions 
to be met with in the United States. Space does not 
permit nor would interest justify describing and tabu- 
lating the results in detail. It is believed, therefore, that 
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it will suffice to show several typical illustrations with 
brief descriptions of the construction and present only 
the more important results and the pertinent conclu- 
sions drawn from the carefully collected data and obser- 
vations. With knowledge concerning the mechanism 
and magnitudes of lightning still incomplete, it is of 


Fig. 1—Licutninc Damacs To UnPRotTEcTED Woop 
STRUCTURE 


(Photographed after temporary repairs) 


course impracticable to make the statements very 
positive or final. 


DESCRIPTION OF EXPERIMENTAL CONSTRUCTION 


When it is considered that lightning voltages are of 
sufficient magnitude to break down great distances 
through air, and strokes terminating on wood structures 
will do damage as illustrated by Figs. 1 and 2, little hope 
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can be entertained of stopping lightning with insulation 
alone. However, it was thought that possibly some 
lightning of lesser voltage and current magnitudes 
(including induced voltages of 50 to 75 kv per ft of con- 
ductor height and possibly mild branch strokes) might 
appear on lines and be held with high insulation, thus 
reducing line tripouts. 


Fic. 2—Baset or Fig. 1 Structure 


The first trials consisted of simply increasing the in- 
sulation of the three phases to ground by substantial 
amounts. Fig. 3 illustrates a 66-kv line of the Kansas 
Gas and Electric Company, with 9-ft guy insulators 
and 3-ft 8-in. protecting gaps in multiple to ground, 
mounted on the pole. Initially, unprotected 7-ft gaps 
between bands wrapped around the poles were used 
on all structures, similar to those illustrated in Fig. 7. 
Pole gap damage was so severe, however, that the 
protecting horn gaps were later added across 10-ft 
pole gaps. Frequently from three to six consecutive 
poles were flashed by what was probably a single 
lightning discharge. Surge voltage recorders were 
connected to this section of line for one and one-half 
seasons before, and three and one-half seasons after, 
the guy insulators were installed. . 

Two 66-kv lines of the Pennsylvania Power & 
Light Company were equipped with 9-ft wood guy 
insulators with protecting horn gaps mounted on 
the insulators. About one-third of the guy insula- 
tors were of the type illustrated by Fig. 6 with pro- 
tecting gaps of 6 ft 6 in. and the others were similar 
to those shown in Fig. 3 with 3-ft 7-in. protecting gaps. 
Surge voltage recorders were connected to a line of 
similar construction except for the guy insulators for 
two seasons and to one of these lines for one season. 

Several H-frame, 110-kv lines of the Arkansas Power 
& Light Company, Louisiana Power & Light Company, 
Mississippi Power & Light Company, Carolina Power 
& Light Company, Tennessee Public Service Company 
and the Compania Nacional de Electricidad, Mexico, 
also some 66-kv construction of the Carolina Power & 
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Light Company, employed 18-ft to 24-ft guy insulators. 
Figs. 4, 7 and 10 are illustrative of the construction. 
Protection for the guy insulators on all of these lines 
was provided by gaps mounted on the poles. 

On the first line with two 9-ft guy insulators in series, 
a pole gap was used of 13 ft 6 in. between bands wrapped 
around the poles, as shown by Fig. 7. On all subsequent 
construction, protecting horn gaps were applied. For 
the lines employing two 9-ft or one 18-ft insulator the 
protecting gaps were 7 ft 2 in. across 20 ft of pole, with 
a clearance of 3 ft 6 in. between the tips of the horns 
and the wood. Oz a line with two 12-ft guy insulators, 
the protecting gaps were 9 ft 3 in. across 26 ft of pole 
with a clearance to the horn tips of 4 ft 6 in. 

Guy insulator and pole gap protection has been ac- 
complished with the above protecting gap dimensions 
in a very high percentage of the cases. On the 50-mile 
line of the Tennessee Public Service Company with 
two 12-ft guy insulators, where some damage was 
experienced, the guy anchor rods were connected to 
the pole butt grounds, also, one-half of the gaps were 
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shortened to 8 ft and one-half to 7 ft. On a line of the 
Louisiana Power & Light Company with 18-ft guy 
insulators, the protecting gaps were shortened to 5 ft 
9in. These changes have practically prevented further 
damage. 

. The use of the crossarm insulation varied. On some 
lines the entire length was employed in order to main- 
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tain the maximum possible phase-to-phase insulation 
as well as to ground; on others only the end sections 
were bonded to the top of the protecting gaps; and in 
some cases, the entire arm was bonded to prevent cross- 
arm damage. 

On about one-third of the lines, the unguyed struc- 
tures utilized the full pole and crossarm insulation; on 
another third, the amount of wood utilized was about 


Fic. 4—110-Kv Srrucrure wits Two 12-Fr Guy INsuLatTors 
AND 8-F'r PoLtEe ProtrectTine Gaps 


the same on all structures and protection was provided 
initially for the wood; and on the balance, provision 
was made for the future installation of pole protecting 
gaps. 

Other wood lines made full use of the crossarms, and 
adequate clearances were maintained between conduc- 
tors and guys, also guy insulators were employed to a 
limited extent. On one of these lines on the Texas Power 
& Light Company system, operating at 132 kv, surge 
voltage recorders were connected for two seasons. 

Another application of protecting gaps is illustrated 
by Fig. 5. Several lines on the systems of the Texas 
Power & Light Company and Texas Electric Service 
Company with conventional overhead ground wires 
were so equipped to utilize the insulation of the cross- 
arm and at the same time protect them from damage by 
those lightning strokes which are not diverted success- 
fully. 

Figs. 8, 9 and 10 are illustrations of the so-called 
drainage scheme, described in a paper presented by 
Messrs. Pittman and Torok in 1930.2? Here the crossarm 
insulation is used to provide the margin necessary for 
directing the lightning flashes through the dynamic 
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follow current interrupting devices. Wood guy insula- 
tors were used in the design of particular structures. 
It might be added that if experience indicates the proba- 
bility of lightning strokes to the ends of the crossarms 
with resultant damage, pole bayonets sufficiently high 
to intercept the strokes may be advisable. 

Three 110-kv lines of this design are in operation on 
the Arkansas Power & Light Company system and a 
section of 110-kv line on the Tennessee Public Service 
Company system. Also a very limited application of 
dynamic current interrupting devices has been made on 
distribution lines. 

In the lightning diversion design illustrated by Figs. 
11 and 12 the full insulation of the crossarm is utilized, 
also, guy insulators were employed with certain struc- 
tures. The following features in connection with this 
70-mile, 132-kv line of the Texas Power & Light Com- 
pany may be of interest; normal span length 550 ft; 
approximate clearance between diverting cables and con- 
ductors at midspan 20 ft;steel lightning diverting cables 


Fig. 5—66-Kv Srructure witH CONVENTIONAL OVERHEAD 
Grounp WIRES AND CrossARM ProTectine Gaps 


bonded together at top of structure; pole butt grounds 
bonded together by buried wire at base; lightning in- 
sulation of nine suspension units plus 7 ft of crossarm, 
equivalent to about sixteen units; ground resistance 
values per structure (two pole butts in parallel) 40 per 
cent below 25 ohms, 40 per cent between 25 and 100 
ohms and the balance above 100 ohms. 

Another use of wood in the application of lightning 
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diverting cables is on the Wallenpaupack-Siegfried 220- 
ky line of the Pennsylvania Power & Light Company.’ 
The diverting cables are supported by wood poles 
mounted on top of the steel towers and grounded 
through the medium of the system of guys. With this 
design the poles provide the insulation to prevent the 
lightning current from being conducted through the 
tower. 


OPERATING RESULTS 


Surge voltage recorders on the 66-kv lines of the 
Kansas Gas and Electric Company and Pennsylvania 
Power & Light Company utilizing the equivalent of 
about 7 ft of wood in series with 70-kv rated pin type 
insulators, yielded several records of 1,000 kv to in ex- 
cess of 1,800 kv. The higher value represented the 
recorder limit with the potentiometer ratio used, and 
this voltage was recorded seven times for lightning 
flashovers on the line 144 to 1144 miles away from the 
instruments. Maximum records of approximately 600 
kv were obtained for an insulator plus about 1 ft of pole 
or 2 ft of crossarm. Likewise on the 132-kv line of the 
Texas Power & Light Company, several records of 
1,000 kv to 2,200 kv were obtained for nine suspension 
units plus 7 ft of crossarm. The stroke giving the 2,200- 
kv record, occurred 7,500 ft from the recorder. Cathode 
ray oscillograms of 4,500 kv and 5,000 kv obtained on a 
section of line on the Arkansas Power & Light Company 
system where all guys were removed, have been re- 
ported previously.2. The strokes producing these 
records flashed approximately 45 ft of wood and oc- 
curred 2.3 miles and 4.0 miles respectively from the 
oscillograph. 

These records provide ample confirmation that wood 
has lightning insulation strength. The maximum volt- 
ages were considerably in excess of the values obtained 
in the laboratory with the 14-20 impulse wave and indi- 
cate front-of-wave flashovers for extremely fast rates 
of voltage rise. They should not, however, be interpre- 
ted as measurements of lightning stroke voltages, but 
rather the lightning strengths of the insulations, as are 
practically all other records which have been obtained 
in a similar manner. A speculation of possible interest 
is that if a linear relation between insulation strength 
and pole length holds, the voltages which could be 
measured across a wood structure of ordinary height 
would be in the order of 12,000 kv to 15,000 kv. 


Few surge records of lightning voltages were obtained 
in the band between the flashover of ordinary line insu- 
lators and the high lightning insulations developed by 
the use of wood guy insulators. Also, line tripouts were 
coincident with practically all the high records. This 
indicated that few lightning voltages appeared on the 
lines which were not of sufficient magnitude to cause 
flashover. In many instances relatively low readings 
were obtained on some of the instruments accompany- 
ing line tripout, because in general only attenuated 
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values were recorded on account of the spacing of the 
instruments. 

The carefully analyzed tripout records for a number 
of lines equipped with long wood guy insulators and 
lightning flashover strengths of 1,500-kv to 3,500-kv 
compared with otherwise similarly constructed lines but — 
with less than one-half of these insulation strengths, 
have not indicated any appreciable decrease in the 
number of tripouts with the higher insulation. 

With the longer guy insulators and lower operating 
voltages however, there is some evidence to indicate 
that dynamic follow current may be slightly less fre- 
quent than on conventionally insulated lines. This 
method of attack for improving line performance does 
not appear advantageous as compared with the diver- 
sion and drainage schemes. 


Fie. 6—Damaaep 9-Fr Guy InsuLator witu 6-Fr 6-In. 
PROTECTING GAPS 


High lightning insulation in combination with light- 
ning diversion cables properly located and grounded, 
somewhat as illustrated by Figs. 11 and 12, is proving 
very effective. The 182-kv, 70-mile Texas Power & 
Light Company line has not tripped out in one year of 
operation. There is little doubt that it has been exposed 
to lightning, as storms are prevalent, and a conven- 
tional 66-kv line of about the same length, in the same 
locality, and paralleling it for part of the distance, has 
been interrupted 26 times due to lightning in the same 
period. This should not be interpreted as a statement 
that the line is immune to lightning flashover, as the 
right strokes may not have occurred at the right points; 
however, the performance indicates progress and pos- 
sibilities. 
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Records indicate two or possibly three direct strokes 
in two and one-half seasons to the experimental light- 
ning diverting cable installation without line tripout 
on the Wallenpaupack-Siegfried 220-kv line of the 
Pennsylvania Power and Light Company. 

The utilization of the crossarm insulation in combina- 
tion with conventional overhead ground wires as illus- 
trated by Fig. 5 is also proving effective though other 
design features are essential for accomplishing best re- 
sults in the diversion of lightning strokes. 


ee We 2 
Fic. 7—Damace To 13-Ft 6-In. UNpRotTEcTED PoLEe GaP WITH 
18-F'r Guy INSULATORS 


The drainage scheme likewise is showing considerable 
promise. Records from the three 110-kv lines of the 
Arkansas Power & Light Company are as follows: 
The 60-mile line with drain points at each structure 
has tripped out four times in approximately one year, 
three of which could be traced to failure of the arc 
interrupting devices or their mounting, both of which 
were distinctly in the development stage when in- 
stalled.. The 45-mile line with drain points spaced ap- 
proximately one-half mile apart, and with no crossarm 
bonding or pole grounding wires on intermediate struc- 
tures, has tripped six times in about two-thirds of a 
lightning season, for which failure of the devices as 
above can be held almost entirely accountable. With 
this spacing both the lightning current discharges and 
dynamic follow current are concentrated through one 
or two devices. The duties imposed on this line have 
been found to exceed the capacities of the devices as 
originally installed. The third line of 28 miles is the one 
on which the first experiments were conducted”. Drain 
points were spaced about 2 miles initially and then de- 
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creased to 1-mile intervals and then to 14-mile on two- 
thirds of the line. Its record for 21% years since the 
shorter separations have been in service has been ex- 
ceptionally good, only two interruptions occurring due 
to lightning on the drained sections. 

The performance of lines on the same system with 
comparable construction, except for the application of 
the are interrupting devices, has averaged 25 tripouts 
per 100 miles per year during the same periods. This 
would give an expected number of tripouts of 15, 11 and 
5 respectively for the three lines for one season. Careful 
examination at the middle of the 1932 lightning season 
of the telltale devices employed on the 60-mile line 
indicated 7 successful operations of the drainage scheme. 

Protection of the wood when used as lightning insu- 
lation has been accomplished very successfully and the 
following ratios and dimensions appear to be satisfactory 
for practical application. 

Protecting horn gaps mounted on guy insulators or 
poles should have a ratio of air gap length to clear wood 
length of 0.35, and a ratio of clearance from horn tip to 
wood to clear wood length of 0.20. 

Guy insulator protecting gaps mounted on the poles 
should span a section of pole equal to or greater than the 


Fig. 8—110-Kv Uneuyep Structure with Arc INTERRUPTERS 


clear wood in the guy insulators, have the same clearance 
ratio as above and have a ratio of air gap length to clear 
wood guy insulator length of 0.30. 

The uncertainties of voltage distribution with differ- 
ent combinations of insulators and crossarms complicate 
the problem of crossarm protection. Data are not suf- 
ficiently complete for offering general ratios. This much 
has been learned, however, from experience on about 
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250 miles of line for most of two lightning seasons; that 
with five suspension units plus 4 ft of clear crossarm 
with a ratio of air gap to wood length of 0.38, one arm has 
been damaged; similarly with five suspension units and 
6 ft 6 in. of crossarm and a ratio of 0.33, one crossarm 
has been damaged. 

On lines with conventional overhead ground wires, 
damage to unprotected crossarms is not generally se- 
vere. This probably is accounted for by the ground 


Fig. 9—110-Ky Guyrep Srructurr witn Arc INTERRUPTERS 


wires usually intercepting and carrying the major por- 
tion of the lightning current even though the flash may 
also contact the conductors in the span or at the 
structures. 


Sections of the wood in crossarms frequently can be 
used to advantage to minimize insulator damage and at 
the same time increase impulse insulation strengths 
without unduly exposing the wood to lightning damage. 
For years this practise has been followed, uninten- 
tionally in many instances, however improvements are 
possible through the proper proportioning of the cross- 
arm wood in series with the insulators so that lightning 
flashes and dynamic follow current generally will not 
occur directly across the insulators and wood. 

With the high lightning insulations obtained through 
the use of wood, substation protection usually is impera- 
tive. This has been accomplished quite effectively by 
the use of spillway gaps at the line entrances, with set- 
tings for lightning flashover at some margin below the 
insulation level of the station equipment and buses. 
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These settings, types of gaps and their locations are 
still in an experimental stage of application, inasmuch 
as experience and laboratory data, as well as the de- 
terminations of insulation level requirements are not 
complete. 


CONCLUSIONS 


Only the more important conclusions, which are con- 
sidered sufficiently well substantiated for practical ap- 
plication in the utilization of wood as lightning insula- 
tion, are outlined. They are drawn from a large amount 
of experience data and results from surge voltage in- 
vestigations on specially designed wood lines as well as 
of conventional construction, accumulated on a number 
of representative transmission systems operating in se- 
vere lightning territories. Further it is believed they 
represent the summarized thought of the engineers re- 
sponsible for conducting these coordinated investiga- 
tions as well as that of the manufacturing company 
engineers who have participated in reviews of the data 
during the past few years. 


Fig. 10—110-Kv Aneuz Structure with Arc INTERRUPTERS 


1. High lightning insulation in itself, such as is prac- 
ticable by utilizing wood guy insulators, poles and cross- 
arms is not effective in materially reducing the number 
of lightning flashovers occurring on transmission lines. 

2. The three general types of design for lines to min- 
imize lightning influence, which at present seem most 
adaptable and in which the lightning insulation strength 
of wood can be employed to advantage, are: 


June 1933 


a. Diversion of lightning strokes from the power con- 
ductors without permitting insulator flashover. This 
type of design as now conceived requires for successful 
operation, liberal physical dimensions and insulations 
as well as favorable grounding conditions, which in 
general make it more applicable to the higher voltage 
ratings. More complete data concerning the character- 
istics of lightning and the constants of the conducting 


; 


Eee er 
| | 


x ; ‘3 
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_ circuits as well as the development of technique for 
handling the problems involved are required in order 
to place this method of design on better engineering 
and economic bases. 

b. The drainage of lightning strokes through dynamic 
follow current interrupting devices. This method gives 
promise of proving applicable and advantageous for 
many situations, particularly in the lower voltage 
ranges, also where conditions both physical and eco- 
nomic are not favorable for the diversion design. Its 
success, of course, is very dependent upon the develop- 
ment and limitations of the are interrupting devices. 

c. The simple design in which no particular attempt 
is made to avoid lightning flashover. Damage to insu- 
lators, conductors and structures can be minimized 
through improved design features for the line, switching 
and relaying, giving practical assurance that the line 
will return immediately to service after flashover. 

3. The impulse sparkover curves presented in the 
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earlier paper! can be used with a reasonable degree of 
confidence in estimating the comparative lightning 
insulation strengths of wood, combinations of insulators 
and wood, insulators and air gaps. 

4. Caution must be observed to avoid wood burning 
from leakage currents, particularly where insulator con- 
tamination may occur, and in many instances such con- 
ditions may make it impracticable to utilize wood as 
insulation. 
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Discussion 


A. O. Austin: At first glance it would appear that the per- 
formance of systems making use of wood may be more or less 
erratic. However, it would seem that this may materially be 
improved as we gain more information or apply a more careful 
analysis to the results of operation. More and more wood 
transmission lines are being installed in which the performance 
is practically 100 per cent. However, in these lines it will be 
found that there are certain fundamentals which must be given 
consideration. Work upon a reliability or performance index 
tends to show up the relative value of certain types of construc- 
tion or the possible shortcomings of other types, and it is certain 
that if an operating index can be devised which will show up the 
various factors, wood can be used to much better advantage. 

The effect of moisture in the wood is of utmost importance in 
determining the path of discharge and the damage to the wood. 
This has been clearly recognized by many as lightning rods or 
shunting wires are placed on the side of the pole until the poles 
have had time to dry out. Removal of the wires then develops 
the full insulation of the pole and the shattering may be negligi- 
ble. The amount of moisture and the necessary protection to the 
wood varies considerably in different parts of the country and 
must be given consideration. At higher altitudes the moisture 
content generally is less and the protecting air path weaker, 
which reduces the tendency to shatter. 

Where sufficiently high flashover voltage is obtained the 
resistance of the air path has a tendency to recover rapidly and 
prevent the follow-up of normal frequency currents. The use of 
the wood makes it possible to obtain exceedingly high flashover 
values as well as abnormally long discharge paths even for low 
voltage lines, the elimination of which should carefully be 
guarded against. This can best be accomplished by simple 
structures. 

A direct hit to a transmission conductor certainly is going to 
cause a flashover if dependence is placed only upon the sizes of 
insulators commonly used. However, if the length of the are 
could be made sufficiently long, the follow-up of normal fre- 
quency current can be prevented and the line will not be tripped 
out. 

A high ground resistance or a high impedance in the trans- 
mission line or in the neutral will limit the current tending to 
follow an electrostatic discharge from a direct hit so that the 
normal frequency may be shut off. A high ground resistance is 
not necessarily a disadvantage in a wood pole line which makes 
use of the insulating value of the wood, but unfortunately a high 
ground resistance generally goes with a low ground capacitance 
so that the effective height and exposure of the transmission line 
is increased. However a high ground resistance or low ground 
capacitance generally is a serious limitation to ground wire 
protection, hence the use of ground wires which materially re- 
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duce the insulation of the wood may seriously increase the trip- 
outs in some sections. 

While wood is very valuable in increasing the effective arcing 
voltage between conductor and ground and in eliminating trouble 
from birds, it is subject to shattering and burning. The pro- 
tecting gap can be used to prevent shattering but it is believed 
that improved methods of impregnation will make it possible 
to reduce the gap protection materially with the result that in- 
creased flashover voltage may be obtained. Multiple wood 
members rather than single members of large section may so 
reduce the hazard from shattering that it is possible to develop 
the full effective length of the cross arm without protection. The 
increased cost of this construction apparently is well warranted. 
The same applies to the use of wood cross arms on steel towers. 

Burning may be prevented by the use of a bleeder resistance 
which will permit taking advantage ofthe insulation provided by 
wood even in fog districts where the leakage and charging current 
of the insulator is high. 

It would seem that operating records will go to show that a 
successful wood pole line may be built in several different ways, 
but the best operating systems generally will be simple in con- 
struction with the effective insulation of the wood developed to a 
maximum. The development of high flashover values and the 
limiting of normal frequency current will do much to prevent 
tripouts, as most disturbances originate with a single phase to 
ground. 

Records such as those shown by Mr. Melvin are exceedingly 
valuable as they show the possible limitations with different 
types of construction. 


Edward Beck: Mr. Melvin has described experience with 
drainage sehemes involving are interrupting devices. The text 
indicates that the devices mentioned in the paper resemble the 
deion fiashover’ protector described by Torok in his paper (No. 
31-9) presented in January, 1931. 

The experience, described in the present paper, with the’ are 
interrupting devices is as follows: 

1. On a 60-mile line with drain points on each structure a total 
of four outages occurred in one year, three of which the author 
ascribes to the protectors themselves. 

2. On a 45-mile line with drain points separated one-half mile, 
six outages have occurred in two-thirds of a lightning season, all of _ 
which are ascribed to the protectors. 

3. On a 28-mile line the performance has been good. The 
author does not specially attribute either of the two outages 
which occurred in two and one-half years to the protectors. 


Were the outages produced by the protector as a result of 
failure to clear the circuit after being discharged by lightning or 
did they originate tripouts themselves without lightning as the 
primary cause? 

Considering (1) and (2) together, it appears that in a total of . 
10 outages, 9 are laid to the protectors. This might lead the casual 
reader to reserve Judgment on the usefulness of this principle of 
protection. However, experience with the deion protector in- 
vented by Torok and developed by the Westinghouse Company 
has definitely proved that a relatively wide field for it exists and 
that in this field it is highly useful. In the first stages of the 
development of Torok’s invention it became evident that the 
application of the device would not be as simple or as universal 
as the application of the well known lightning arrester. It be- 
came evident also that if design data were carefully established 
and the protectors constructed in accordance with it, they would 
find a wide application and that in their field they could be 
applied with assurance. This requires careful design, construc- 
tion, and application based on system conditions. Deion flash- 
over protectors have been manufactured for several years and as 
a result of the painstaking development work it is possible either 
to pronounce an application unsuitable or to apply them with 
confidence. Consequently the operating experience with these 
deion protectors has been good. 
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To illustrate the importance of careful application; in a 
certain installation of deion protectors some protector failures 
occurred. It was subsequently found that the currents to be 
interrupted were higher than those originally considered. Other 
installations of deion protectors have given satisfactory operating 
results. This is no doubt the result of careful development, de- 
sign, construction and application. 

The application of deion protectors was reduced to an engi- 
neering basis early in the development. It has been entirely 
feasible to decide that an application is suitable or unsuitable. 
If it is suitable the application of the device may be made with 
good results. Field experience with deion protectors substan- 
tiates this. If protector failures occur early in their life, they are 
attributable either to weakness in the design of construction or to 
misapplication. 

O. S. Hockaday: While somewhat aside from the main theme 
of this paper, the following operating experience may be of 
interest: 

Mr. Melvin points out that while the utilization of wood insu- 
lation in itself may not materially decrease line tripouts from 
lightning, there is some evidence to indicate that the dynamic 
follow current will be reduced. 

On a Texas system of moderate capacity, 200 miles of 66-kv 
wood H-frame suspension type construction was put into opera- 
tion late in 1927, no particular advantage being taken of the wood 
as insulation. During the following two years it was necessary 
to charge out an average of 60 insulator disks per year on account 
of burning from flashovers. In an effort to reduce lightning 
tripouts, the construction was then modified to utilize as much 
as possible the wood in the structures. Although lightning was 
about as severe during the two years which followed, the number 
of replacements dropped to an average of six. Burning of con- 
ductors was also reduced to some extent. 

During the spring and summer, the transmission system just 
referred to is badly infested with ravens. These have been re- 
sponsible in times past for a good many outages. On some lines 
tripouts from this cause were as frequent as those from lightning. 
On a particular 66-kv line of pin type construction, 61 miles in 
length, 42 tripouts occurred within a year which were attributed 
to these ravens. Gaps were installed in the pole ground wires 
in 1930 and since that time no tripouts whatsoever have occurred 
which were known to have been caused by the birds. 

These instances substantiate Mr. Melvin’s observation that 
utilization of the wood insulation has advantages other than 
those from the standpoint of lightning. 

H. L. Melvin: In Mr. Austin’s discussion he suggests the 
- possibility of providing arcing distances of sufficient length to 
prevent the follow of dynamic current. Operating experience 
with high voltage lines of conventional construction, and even 
those employing long guy insulators as described in the paper, 
the tests made by Brookes, Southgate and Whitehead, also 
experience on lower voltage lines, do not indicate this type of 
design as a very practical method for attacking the lightning 
interruption problem. In the lower voltage ranges, such a design 
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might be feasible but it has the serious objection of raising the 
lightning insulation strength of the lines to values considerably 
in excess of terminal equipment and apparatus. Furthermore, 
with such equipment installed at rather frequent intervals on 
the lower voltage lines, lightning flashover with dynamic fol- 
low-up still would be expected at these points. 


The treatment of wood, no doubt, has considerable merit 
particularly if its life is extended, its mechanical strength under 
weather conditions improved, and if its lightning insulating 
strengths are increased and made more uniform. If the wood is 
exposed to frequent direct lightning discharges, it is the opinion 
of the author that it should be protected from damage whether 
treated or not. 


Referring to Mr. Beck’s discussion the are interrupters, 
originally installed on the lines of the Arkansas Power & Light 
Company, were made up locally by Mr. Pittman from expulsion 
fuse tubes. Later a few deion tubes, as described in the paper 
by Mr. Torok were installed. The are interrupters installed on 
the two additional lines also were of an experimental design 
using conventional expulsion fuse tubes. It might be added that 
the are interrupter, deion flashover protector, and the expulsion 
protective gap, are all devices for interrupting the dynamic 
follow current. 


Answering the questions raised regarding line performance, 
the tripouts which occurred on the lines employing the drainage 
scheme, were due to flashovers at structures not equipped with 
are interrupters or to electrical and mechanical failures of the 
interrupters. As stated, the tube failures were not entirely 
unexpected as they were of an experimental design and their 
interrupting capacities as well as the methods of mounting had 
not been carefully worked out. 


The manner in which wood has been used to minimize flash- 
overs, as described by Mr. Hockaday, is of interest and very 
important. Good overall performance of lines should be the 
objective, and to accomplish this, the design must take into 
account all the elements adversely affecting operation, mechani- 
cally and electrically. 

It is desired to emphasize that the lightning and short time 
60-cycle insulation strength of wood can be utilized to advantage 
in practically all types of line construction and voltage classes. 
It is of particular value in combination with properly installed 
overhead ground wires or dynamic follow current interrupting 
devices, or for controlling arcing paths to minimize insulator 
damage. Very high insulation alone to lightning voltages, such 
as can be obtained through the use of long wood guy insulators 
and poles, has not proved effective for materially reducing light- 
ning flashovers. The extensive application of this type of con- 
struction on the several transmission systems, largely in an 
experimental manner, has been a valuable supplement to other 
investigations. The experience has assisted materially in 
demonstrating that lightning discharges contacting conductors 
and structures must and can be coped with if line performance 
is to be substantially improved. 


Light Sensitive Process Control 
BY J. V. ALFRIEND, Jr.* 


Non-member 


functioning within tolerable limits without suitable 

automatic control, it has been necessary, in some 
cases, to resort to close supervision by chemists who 
regularly sample the process liquors, determine their 
concentration and take what corrective measures are 
indicated. This work can be accomplished by a skilled 
laborer under the direction of the chemist if there is 
only one variable and if this variable is responsive to 
colormetric analysis either by the addition of an indi- 
eator or by its own color or opacity. 


However, even this is expensive, slow, and inaccurate. 
The accuracy in the best of cases will vary with the 
health and fatigue of the analyst, with the conditions 
of illumination, and with the pressure of other work. 
Furthermore the analyst must change the speeds of 
pumps, conveyers, compressors, etc., and either hope 
that the correction is sufficient or waste valuable time 
waiting for the correction to take effect before he can 
obtain a check sample. 


Recent developments in the matching of colors, the 
measurement of the intensity of smoke, and the auto- 
matic control of illumination indicated that colormetric 
process control might be obtained automatically by 
some modification of this new equipment which has 
proved commercially successful. Therefore a study 
was made covering the variables encountered in process 
control that should affect a light sensitive device similar 
to those just mentioned. The following list} gives a few 
applications where automatic control is definitely ad- 
vantageous and where the variable chemical affects the 
shade or opacity of a liquor either directly, or indirectly 
by the addition of an indicator. 


ie order to keep certain electrochemical processes 


In metal flotation the maximum recovery is possible over a 
very narrow range of hydrogen ion concentration. The addition 
of an indicator to a filtered sample is required to bring out the 
definite shade corresponding to the concentration. Both the 
filtration and the addition of indicator can, of course, be made 
automatic. The lime feed can then be controlled for a definite 
hydrogen ion concentration at the launder or in the flotation 
tanks. 

In electrolytic reduction plants, close control must be exercised 
over the acid concentration of fresh electrolyte from the leaching 
vats, and the spent electrolyte from the electrolytic tanks in 
conjunction with the flow of make up acid if required by the 
process. The acidity of the waste liquors should at least be indi- 
eated and preferably regulated. Determination of hydrogen ion 
concentration by colormetrie methods and the control of pump 
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speeds and electrolytic current flow will maintain the desired 
balance and give the necessary indications. 

In electrolytic refining the best power efficiency is obtained at 
a definite hydrogen ion concentration, which is steadily reduced 
as the electrolyte increases in copper content. Control of this 
concentration by colormetric methods affecting the speeds of the 
circulation pumps and the current flow in the stripping tanks 
will maintain the desired acidity. 


Numerous other applications in the electrochemical 
field will naturally occur to those interested in such 
processes. As a matter of interest a short list is given 
below of applications outside the field of electrochem- 
istry but which bear upon this problem. 


In the recovery of the sand used in the washing of coal it is 
necessary to keep the percentage of solid matter in the waste 
water between specified limits in order to obtain maximum re- 
covery. The opacity of a thin stream of the effluent liquid is a 
definite criterion of the per cent solid matter contained. 

In municipal water plants using chlorination it is necessary to 
regulate the amount of excess chlorine. The addition of an 
indicator to a sample of such water gives a color corresponding to 
the amount of excess chlorine present. 

In paper mills the acidity of the paper stock solution and the 
concentration of the black liquor must be closely controlled. 
The acidity of the paper stock solution can readily be determined 
by the addition of an indicator to a sample and the opacity of the 
black liquor is a function of its concentration. 


Two concentration regulator schemes have been 
worked out for applications in this class of service. The 
first or ‘balanced bridge” arrangement utilizes two light 
sensitive photo tubes simultaneously to inspect the light 
transmitted through a sample of the unknown liquor 
and the light transmitted through a standard color- 
metric sample representing the desired quantity of the 
variable chemical. The second or ‘‘null’’ method uses 
a single photo tube inspecting simultaneously the light 
transmitted by the unknown sample and the known 
sample. The “balanced bridge’ arrangement utilizes 
established light sensitive circuits assembled in such a 
way as to perform the new function. It has the slight dis- 
advantage of requiring recalibration from time to time 
because of the possibility of discrepancies in character- 
istics developing with age of the tubes. No such recali- 
bration is necessary with the “null’’ method because, 
as the term implies, the regulation effects a zero response 
from the equipment when the percentage of the varying 
chemical is correct. The advantage of the “‘balanced 
bridge’”’ arrangement is that it can also be used as an 
indicator whereas the “‘null’”’ method does not permit 
its use as an indicator without the recalibration which 
it is designed to avoid as a regulator. Otherwise the 
two schemes are very similar in economy, speed and 
accuracy. 

Fig. 1 shows a “‘balanced bridge” arrangement of 
photo tubes designed to regulate the hydrogen ion con- 
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centration of a flotation liquor, by controlling the speed 
of a conveyer which feeds lime to the process and main- 
taining this speed constant between corrective impulses 
received from the photo tubes. The schematic diagram 
is complete up to and including the motor drive for the 
lime conveyer. The mechanical equipment such as 
sampling, filtering, adding of indicator and placing be- 
fore the photo tube are omitted because these features 
will change with individual applications. It should be 
noted here that only minor changes of the equipment 
shown in the diagram are required to make it applicable 
to the control of solenoid- or motor-operated valves or 
motor-operated rheostats and similar equipment en- 
countered in regulating the flow of solids, liquids and 
gases. 

The principle of operation is briefly as follows: Two 
photo cells are connected in a wheatstone bridge circuit 
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the other tube becomes positive. Positive grid bias on 
the grid glow tube causes a breakdown of the tube so 
that for example relay III will become energized and 
close its contacts. It should be noted that tubes No. 2 
and No. 3 are connected in a wheatstone bridge circuit 
which is normally balanced. For this reason, variations 
in supply voltage will not affect the calibration of this 
part of the equipment. 

When relay III operates, relay V is closed and seals 
itself in, and voltage is applied to tube 4 which, in 
combination with relay II, acts as a time delay device. 
Depending upon the adjustment of potentiometer 6 a 
time delay up to one minute can be provided between 
the instant of closure of relay V and the instant of 
closure of relay II. Relay V in closing also operates the 
motor-operating relay VII, which causes the motor- 
operated rheostat to move and readjust the speed of 
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which is supplied with direct current by a B eliminator. 
Potentiometer 1 constitutes one side of the bridge, and 
the two photo tubes the other side. The two photo tubes 
are illuminated from the same light source, not shown 
in the diagram. In front of one photo tube is placed a 
standard color sample in a glass tube, while the fluid to 
be controlled flows through a similar glass tube in front 
of the other photo tube. It is apparent that any varia- 


tions in light intensity due to varying lamp voltage will 


not have any effect on the balanced bridge circuit. If 
the alkalinity of the fluid changes the bridge becomes 
unbalanced so that the voltage on the grid of tube No. 2 
will differ from the grid voltage on tube No. 3. The 
result of this unbalance is that the grid of one of the 
grid glow tubes becomes more negative and the grid of 


the driving motor. Relay VII will remain closed until 
relay II is energized, since “‘break’’ contacts of relay II 
are connected in series with the coil or relay VII. 
During this period the motor speed is being readjusted. 

When a correction has been made it is essential to 
prevent a second correction from being made until the 
effect of the first correction has been recorded by the 
photo tubes. For this reason a second time-delay relay 
is provided which may be adjusted for a time delay up 
to five minutes and which is so connected in the circuit 
that during this time interval no rheostat operation can 
take place. This second time-delay relay consists of 
relay I, tube No. 5 and associated equipment. It will 
be noted that the timing of this combination starts with 
the closure of relay II. When relay I operates, relay V 


514 


will be deenergized, and the equipment will be ready for 
the next adjustment. 

Supposing the standard sample is arranged in front 
of photo tube 8, a recalibration of the equipment may 
be made either by changing the standard sample or by 
adjusting potentiometer 1. The instrument should be 
calibrated by opening switch 9, and connecting a high- 
resistance voltmeter across resister 10, by means of 
telephone jacks supplied for this purpose. Potentiome- 
ter 11 is then adjusted until the voltmeter reads zero. 

The sensitivity of the regulator may be adjusted by 
means of potentiometer 12 which changes the constant 
negative grid bias which is applied to the grid glow tubes. 
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Proper operation of the electronic regulator described 
above is predicated upon the requirement that the motor 
operating the feed runs at the definite speed dictated by 
the regulator. These speeds must be maintained at the 
level indicated by the regulating equipment and not be 
permitted to vary from the dictated amount. Small 
motors do not possess flat speed torque characteristics 
particularly at varying armature voltages. Therefore, 
speed regulating equipment is added to the motor 
driving the feed. 

The apparatus shown at the top of Fig. 1 outlines 
this speed-regulating equipment. The motor-generator 
set provides the armature voltage for the feed motor. 
This motor itself is to have coupled to it, a small pilot 
generator which will be excited from the 250-volt d-c 
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supply. The voltage of the generator supplying the 
armature of the feed motor is regulated by a type UV 
voltage regulator. The coils of the regulator are con- 
nected across the armature of the pilot generator in 
series with a motor-operated speed-adjusting rheostat. 

The functioning of this speed-regulating equipment 
in conjunction with the electronic equipment is as fol- 
lows. Assume the regulating equipment to be in opera- 
tion and the fluid being regulated to be of the proper 
color. Now assume that the color of the regulated liquid 
changes. As outlined in the preceding paragraph, this 
change will result in the operation of the motor con- 
trolled by relay VII or VIII. This motor is located on 
the speed-adjusting rheostat which modifies the current 
through the regulator coils connected across the pilot 
generator armature. The result of the movement of this 
rheostat is to change the calibration of the type UV 
voltage regulator whichin turn modifies the voltage 
delivered by the generator of the m-g set and in turn 
raises or lowers the speed of the motor driving the feed. 
The action of the type UV voltage regulator is then to 
keep the speed of this motor at the newly chosen level 
until a new speed is dictated by the action of the speed- 
adjusting rheostat as directed by the electronic regu- 
lator. The functioning of the type UV voltage regulator 
at any selected value of speed is such as to keep the 
motor operating at the desired speed without the minor 
fluctuations which are inherent in such motors. 

As previously mentioned the “null’’ method was 
designed to eliminate the necessity for recalibration 
involved in the “balanced bridge” arrangement. Both 
arrangements of course being equally flexible in regu- 
lating hydrogen ion concentration or opacity of a given 
solution by controlling the feed of the variable con- 
stituent. 

Fig. 2 shows the ‘‘null’” method photo tube circuit 
which is interchangeable with the ‘‘balanced bridge” 
circuit shown as part of the diagram in Fig. 1. For a 
colormetric regulator either photo tube circuit may be 
used, with the same timing and speed regulating equip- 
ment shown in Fig. 1, relays III and IV being the same 
in both figures. 

Briefly the “null method regulating equipment’’ 
operates on the following principle: The lightbeams 
from a single light source are directed by a system of 
mirrors and lenses through two different paths onto a 
single photo tube in such a manner that one beam 
passes through a standard color sample and the other 
beam passes through the unknown liquid. An apertured 
diaphram is rotated in the path of the two beams so as 
to vary the cross section of the beams permitted to pass 
through the two liquids. The sum of the apertured 
areas A and B are always equal to unity, the aperture A 
varying from zero to 100 per cent while the aperture B 
varies from 100 per cent to zero. 

Thus if the light transmitting qualities of the two 
liquids are identical the illumination of the photo tube 
will be unchanged as the diaphram is rotated, and 
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therefore the output of the amplifier tube or its plate 
current will be constant direct current. With constant 
direct current impressed on the primary of transformer 
T there will be no output from the secondary, and relays 
III and IV will not be energized. 

If the light transmitting quality of one of the liquids 
deviates a small amount from that of the other the 
illumination of the photo tube will vary as the dia- 
phram is rotated and the plate current of the amplifier 
tube will therefore become a pulsating direct current. 
With pulsating direct current impressed on the primary 
of the transformer T the secondary will deliver only the 
alternating component, which in phase position and in 
magnitude will be proportional to the deviation in light 
transmitting qualities of the unknown fluid from that 
of the standard fluid. Since this alternating component 
is rectified by a mechanically driven commutator on the 
shaft of the motor which drives the diaphram, the 
direct current obtained will be proportional in sign and 
magnitude to this same deviation in light transmitting 
quality. With relay III set to pick up at a minimum 
value of positive current, and relay IV set to pick up at 
a minimum value of negative current; the speed adjust- 
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ing rheostat and timing cycle explained under Fig. 1 
will be set in operation just as these operations were 
started when relays III and IV of Fig 1 were energized 
by the breakdown of the grid glow tubes. 

Since this circuit is a zero or ‘“‘null method” and this 
feature is obtained by filtering out the direct component 
of the plate current of the amplifier tube, the regulator 
is insensitive to steady variations in applied voltage as 
affecting the circuit or the light source, and it is not 
affected by steady variations in temperature or changes 
in sensitivity of the tube itself within its working range. 


CONCLUSION 


The concentration regulator schemes presented pro- 
vide the accuracy, reliability and economy required of 
such devices. In addition they provide an adjustable 
amount of correction for each sample observed, together 
with an adjustable inoperative time, while awaiting the 
effects of one correction. Thus the equipment as de- 
signed may be applied to a wide variety of uses with the 
major problem being only the manner in which the 
unknown sample is prepared and placed before the eye 
of the photo tube. 


Skin Effect in Rectangular Conductors 
A Method of Measurement and Experimental Data 


BY H. C. FORBES* 
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HE investigation covered by this paper was 
initiated, primarily, with a view to determining 
the skin effect at commercial frequencies in con- 

ductors of rectangular cross-section for cases where 
the return circuit is comparatively remote so that 
proximity effect need not be considered. These condi- 
tions are approximated in the case of bus bars of 
rectangular conductors in generating stations and sub- 
stations where an isolated phase layout is employed. 
It was in connection with the design of such buses that 
the need for more complete information developed. 
In the process of obtaining the information desired, 
it was also possible to obtain basic data from which the 
skin effect in any non-magnetic rectangular conductor 
of ordinary dimensions can be readily determined for a 
wide range of frequencies. Accordingly, it was be- 
lieved that the results obtained would be of general 
interest. 


Considerable work, both of an experimental and 
theoretical nature, has previously been done on this 
subject, and particular mention is made of papers by 
H. B. Dwight,! and by A. E. Kennelly, F. A. Laws, and 
P. H. Pierce,? and of the accompanying discussion, 
particularly that contributed by Joseph Slepian, which 
have been published by the American Institute of 
Electrical Engineers. 


It has been shown in these papers that the ratio of 
a-c to d-c resistance of a conductor may be determined 


SrfA i, 
p 


as a function of the parameter, P = \ 


which the symbols are defined as follows: 


f frequency in cycles per second 

A area of cross-section in square centimeters 

p specific resistivity in abohms per cm? 
(specific resistance in ohms is p X 107°) 


This relationship suggested the possibility mentioned 
by Dwight of making tests at high frequencies on con- 
ductors of relatively small cross-section and applying 
the results to obtain the skin effect in large conductors 
at lower frequencies. This scheme of testing obviously 
offers great advantages because of the difficulties in 
making a-c measurements at the very low voltages 
which would be involved if large size conductors were 
tested at commercial frequencies. Accordingly, in this 
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and 


investigation the above principle was applied to tests 
on small rectangular conductors of various width-to- 
thickness ratios, tested at frequencies ranging from 
22 to 287 kilocycles. 

Two methods of measuring a-c resistance at high 
frequency were investigated; namely, the “substitution 
method” and the “‘resistance variation method,” both 
of which are described in detail in the publications of 
the Bureau of Standards.’ Essentially, each employs a 
test circuit, which includes the test specimen, coupled 
to a suitable source of high-frequency current, such as 
a vacuum-tube oscillator. 

For the particular low-resistance circuits involved 
in this investigation, the “substitution method”’ seemed 
to give the most satisfactory results, and was best 
adapted to the use of the laboratory equipment on 
hand. In this method, it is not necessary to measure 
precisely the current or voltage, but only to provide a 
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Fic. 1—Oscinuator AND EQUIPMENT FOR TEsT CIRCUIT 


means of indication by which the emf may be controlled, 
and the test current adjusted and held at a convenient 
value for a particular test. Furthermore, it was found 
that the introduction into the test circuit of any of the 
high-frequency ammeters available added materially 
to the total resistance of the circuit, and thereby greatly 
decreased the sensitivity of the measurement. This 
proved to be a limitation in the use of the “resistance 
variation method.” The use of an ammeter in the 
“substitution method’’ was avoided by the current- 
indicating device described below. 

Although the method of measurement is relatively 
simple, there are various precautions incidental to the 
use of high-frequency currents that must be observed 
in the practical application to avoid erroneous results. 
These precautions apply particularly to the shielding 
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and grounding of the various parts of the test equip- 
ment, and to the measurement and control of the high- 
frequency currents. 

The oscillator and equipment used in the tests are 
shown in Fig. 1. A schematic circuit diagram is shown 
in Fig. 2. Essentially, the equipment consisted of a 
master oscillator coupled to a two-stage power amplifier, 
the second stage of which contained two 50-watt plio- 
tron tubes. The primary of an air core transformer 
was connected to the output circuit of the amplifier. 
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Special care was taken in the construction of the oscil- 
lator and in the selection of tubes and other equipment 
to insure a wave shape as free of harmonics as possible. 
With the oscillator operating at frequencies between 
20 and 180 kilocycles, a test was made for harmonic 
frequencies up to 3,000 kilocycles. No harmonics of 
importance were found within this range of frequency. 
Precautions were taken to avoid possible errors due to 
“proximity effects,” ‘end effects,’ and the influence of 
metallic structures located near the test circuit. These 
various influences and their effect on the measurements 
were checked in a series of preliminary tests. 

The test circuit shown in Fig. 2 comprises a loop con- 
taining the test specimen, a low-loss tuning condenser, 
and a length of heavy Litzendraht cable, required to 
complete the circuit. The oscillator coupling was made 
through a single turn of cable loosely coupled to the 
transformer primary. _ The condensers in the test 
circuit were selected with reference to the size of the 
loop, so that the circuit was approximately in resonance 
at the desired test frequencies. Adjustment for reso- 
nance was made by moving in or out the arm on one side 
of the loop, as indicated by the arrow in Fig. 2, thereby 
varying the size and inductance of the loop. This 
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arrangement permitted a very fine adjustment of 
resonance, avoided the use of tuning coils, gave a test 
circuit of minimum resistance, and permitted the 
desired sensitivity in the measurements. 

The emf induced in the test circuit was determined 
by means of the voltage indicator shown in Fig. 2. 
This consisted of a pilot coil closely coupled to the 
secondary turn and connected to the grid circuit of a 
vacuum tube, as shown. The indications on the mil- 
liammeter in the plate circuit of the vacuum tube were 
proportional to the emf induced in the pilot coil, and, 
since the same flux was interlinked with the secondary 
turn, the readings were proportional to the emf induced 
in this turn. By means of the indicator, it was thus 
possible to maintain a constant resultant flux inter- 
linked with the secondary turn, and, therefore, a 
constant emf in the test circuit, by adjusting the plate 
voltage on the amplifier. 

It was apparent that the resistance of the test circuit 
would have an important influence on the sensitivity 
of the measurement. The resistance of the circuit, not 
including the test specimen, was, therefore, kept as low 
as possible so that the resistance of the test specimen 
would constitute a large portion of the total circuit 
resistance. It was found that inserting an ammeter 
into the test circuit added appreciably to its resistance. 
Since in the method of measurement it is not essential 
to know the test current in amperes, the use of an 
ammeter was avoided by using a vacuum-tube indi- 
cator, the grid circuit of which was connected across 
the fixed condenser in the test circuit, as shown in 
Fig. 2. Since at any given frequency the drop across 
the condenser would be proportional to the current, 
this gave a means of indicating the point of resonance 
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and served as a basis for making the adjustment of the 
variable resistance required to give a current equal to 
that obtained when the test specimen was in circuit. 
This arrangement proved quite satisfactory. An 
approximate calibration of the indicator was made by 
connecting a low-resistance, high-frequency ammeter 
in the circuit, and plotting readings on the indicator 
against ammeter readings at each of the various test 
frequencies. During the actual measurements, how- 
ever, the ammeter was removed. 
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The selection of a suitable resistance unit for use as 
a reference standard was an important factor in these 
measurements. The principal requirements were that 
the resistance be continuously variable, easily adjusted, 
and its construction such that when substituted for the 
test specimen it would not materially change the con- 
stants or configuration of the test circuit. These re- 
quirements were met by the round wire resistance 
units shown in Fig. 2 (A and B). Each type of unit 
was constructed of two sizes of copper wire, one some- 
what larger, and the other somewhat smaller in cross- 
section than the test specimens. The type shown at A, 
Fig. 2, was provided with a slider by which the relative 
lengths of large and small wire could be easily adjusted. 
The second type consisted of two sizes of copper wire 
joined together, and placed in mercury cups so that 
sliding the unit either way varied the relative length 
of the large and small wire. The a-c resistance of 
straight round wire can be readily calculated from 
published formula.? The a-c resistances of the ad- 
justable resistor units were therefore obtained by 
calculating the resistance of separate lengths of large 
and small wires measured between the contacts. This 
result was checked by reference to straight round wire 
specimens of uniform cross-sectional area, the a-c 
resistances of which were calculated. ‘The accuracy 
of the method was found to be approximately one 
per cent. 


Mercury cups were provided by which the test bars 
and the adjustable resistance unit could be easily 
interchanged. The resistances of the other connections 
were made as low as possible by the use of tinfoil be- 
tween the contacts. The contact resistance, including 
that of the mercury cups, was approximately one per 
cent of the total resistance of the circuit. The resistance 
of the Litzendraht cable constituted approximately 58 
per cent of the total circuit, and the test bar 41 per cent. 
These percentages varied somewhat, depending on the 
frequency and the particular test specimens in circuit. 

The procedure of measurement was, first, to adjust 
the output of the oscillator and tune the test circuit to 
resonance with the test specimen in the circuit. The 
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adjustable resistance was then substituted for the test 
specimen, and, with the output of the oscillator held 
constant, the resistance was varied until the same 
conditions of resonance were obtained in the test circuit. 
Since all other constants of the circuit were the same, 
the resistance of the variable standard unit was then 
equal to that of the test specimen, and its value was 
calculated from the relative lengths of large and small 
wires, as explained above. 

The tests were made on specimens representing a 
range of width-to-thickness ratios of 1:1 to 20:1, which 
seemed to cover the values likely to be encountered in 
practise. The physical dimensions of the specimens, 
and range of test frequencies are listed in Table I. The 
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test specimens consisted of soft drawn copper, approxi- 
mately 71 inches long, of uniform dimensions. Each 
specimen was accurately machined to the desired 
width-to-thickness ratio, and precautions taken to 
insure sharp square edges. The d-c resistance was 
obtained by the usual bridge method, special care 
being given to securing specimens of uniform resistivity. 
Test specimens having different cross-sectional areas, 
but the same ratio of width to thickness, were selected 
so that experimental checks of the theory could be 
obtained by making measurements at different fre- 
quencies to satisfy the conditions of the parameter. 
The data obtained from the tests are given in graphi- 
cal form in Fig. 38, in which the ratios of a-ce to d-c 
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resistance are plotted as a function of the parameter. 
The curves in Fig. 4 show a comparison between the 
data obtained in these tests and those published by 
Kennelly, Laws, and Pierce for width-to-thickness 
ratios of 8and 16. The curves also show the agreement 
obtained between tests on specimens of the same 
width-to-thickness ratios, but of different cross-sectional 
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areas. A very close agreement was obtained with the 
published data and between specimens of different 
sizes. It is felt that the consistent results thus obtained 
speak well for the reliability of the data. 

From an inspection of the data given in the paper 
by H. B. Dwight (see reference 1), it might have been 
anticipated that, except for the initial curvature near 
the origin, these curves would be straight lines. Ap- 
parently, however, this is by no means the case, 
although it is approximately true within the limits of 
the tests in the particular instance of the conductors 
having width-to-thickness ratios of 1:1 and 2:1. For 


Fic. 6—SxKin Errect 1n Strap Copper Conpuctors At 25 
CYCLES 


other width-to-thickness ratios, the curves tend to 
bend upward for values of parameter above 5.5. The 
close agreement between the curve for a round wire 
and the curve for the 2:1 specimen is interesting to 
note, and also the fact that the skin effect in a square 
conductor is consistently greater than that of a round 
wire. 


SKIN EFFECT IN RECTANGULAR CONDUCTORS 
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In order to reduce the data to convenient form for 
determining skin effect at commercial frequencies, 
Figs. 5 and 6 were prepared. From these curves, the 
skin effect in rectangular conductors at 60 cycles or 25 
cycles can be readily determined. Similar curves for 
any frequency can be easily calculated from the basic 
data given in Fig. 3. 


Discussion 


J. E. Clem: The authors state that the ratio of alternating- 
current resistance to the direct-current resistance of a conductor 


; 87rfA 
may be expressed as a function of the parameter P = \ f = 
P 


This statement, while perfectly true, without further qualifica- 
tion, might lead to a misunderstanding, since apparently it indi- 
cates that the eddy-current loss might vary as the square root of 
the frequency. 


To 


X 100+ @xcess loss in 


C= Fo 
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ho 100 107 107 10° 
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If the extra loss be segregated it can be shown that the extra 
loss varies with the square of the frequency in the neighborhood 
of 60 cycles and that for very high frequencies this extra loss 
varies as the square root of the frequency. This is illustrated in 
Fig. 1. Since this is the case it is essential that extreme caution 
be used in applying the results of tests made at high frequencies 
or extreme conductor proportions to determine the excess loss at 
commercial frequencies. 

There is a tendency among some writers to consider skin effect, 
proximity effect, eddy-current loss, and unequal distribution of 
current as separate phenomena. There is no justification for this, 
since they are all produced by the magnetic flux passing through 
the conductor. Several years ago, I developed a method of caleu- 
lating the eddy-current loss in transformer conductors. Fig. 1 
was calculated using this method. These same equations have 
been used to calculate the extra loss due to unequal division of 
current in parallel conductors and when properly applied give the 
same losses as formulas developed to calculate the supposed 
entities, skin effect, and proximity effect. 

H. C. Forbes and L. J. Gorman: The authors wish to point 
out that while their paper states that the ratio of alternating 
current to direct current resistance may be determined as a 
function of the parameter P, which is defined in the paper, it 


makes no statement whatever in regard to the determination of 
eddy current loss which under the conditions of the tests is 
believed to have been wholly negligible. In the same way as is 
pointed out in the paper it was the intent to keep the return 
circuit for the current remote so that the proximity effect also 
would be negligible. It is believed accordingly that the increase 
in resistance as compared to the d-e resistance as obtained by 
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the tests is all due substantially to the non-uniformity of distri- 
bution of current in the conductor resulting from the phenomenon 
commonly termed skin effect. 

It seems to the authors that Mr. Clem’s suggestion that there 
is no justification for separate consideration of skin effect, 
proximity effect, and eddy current leads to hopeless confusion in 
the analysis of such losses. 


A Standard of Low Power Factor 
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INTRODUCTION 


N the study of the electrical characteristics of in- 
sulation, an accurate knowledge of the power 
factor and loss is of importance. The measurement 

of these factors is affected by many variables and un- 
suspected errors are often present in the results. A 
survey of the literature on the subject of dielectric loss 
measurement reveals clearly the lack of a reliable 
reference standard. 

The need for a standard load which should simulate 
the power factors found in cable samples as well as in 
insulating oils has long been recognized. From time 
to time a number of schemes and devices has been 
suggested for verifying the accuracy of the loss measur- 
ing equipment. Some of these depend upon the check 
obtained by the measurement of the increase in loss 
produced by connecting a resistance in series!? with 
the sample under test. The introduction into the cir- 
cuit of a series resistance, aside from the fact that it 
may have an appreciable phase angle, disturbs the 
potential distribution and leaves much to be desired 
from the standpoint of accuracy. Another scheme is 
to measure two or more specimens singly and then in 
parallel. The accuracy of this check is open to question 
because of the many variables such as temperature and 
voltage that affect the dielectric loss of a given speci- 
men. 

Attempts have been made at various times to con- 
struct suitable standards of glass or similar materials 
with the hope of obtaining a satisfactory load. Of 
these, the ones developed by the Electrical Testing 
Laboratories of New York? are by far the best. Their 
power factor, however, cannot be computed but has 
to be measured in the very circuit which itself is subject 
to error. It is clearly analogous to the efforts of a man 
to lift himself by his own bootstraps. 

All of the above methods for checking dielectric loss 
measuring equipment are qualitative in their nature 
and none of them can be considered as a basic standard. 
In addition, their.correctness rests upon the very equip- 
ment whose accuracy they are supposed to verify. 

A new standard of low power factor has recently 
been developed in the Electrical Laboratories of The 
Johns Hopkins University which it is hoped will meet 
the needs of workers in the field of insulation. It con- 
sists essentially of a loss-free shielded and guarded 
compressed air capacitor connected in series with an 
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ideally shielded resistor. It is the purpose of this paper 
to present a description of the new standard as well as 
some data concerning its performance in checking 
Schering bridges. The standard may, however, be 
used for verifying the accuracy of other types of low 
loss measuring apparatus. 

Since a dielectric specimen can be most easily and 
satisfactorily represented by the combination of a 
capacitance and a series resistance, these were chosen 
to form the basic elements of the standard. In order 
that this circuit possess characteristics desirable in such 
a standard load, the capacitance should be loss-free 
and properly shielded, the resistance should be essen- 
tially pure and its introduction into the circuit should 
not disturb the equality of the potentials of the guard 
and main circuits of the capacitor. The power factor 
of such a circuit can be computed from the values of 
its capacitance and resistance. 


COMPRESSED AIR CAPACITOR 


It was decided to build the capacitor unit of the 
low-loss standard with a capacitance of 500 uuf; which 
could be operated without corona at 25 kilovolts 
effective. In order to reduce its bulk, compressed air 
at a maximum pressure of ten atmospheres was chosen 
as the dielectric. Earlier experiments have demon- 
strated that shielded and guarded parallel plate air 
capacitors at atmospheric pressure and low relative 
humidity are loss-free at commercial frequencies.® 
Careful tests, which will be described later, proved that 
the compressed air dielectric is also loss-free. 

The cylindrical air capacitor developed for this work 
is shown in Fig. 1. The area of the guard electrodes 
equals very nearly that of the main electrode thus 
giving approximately a one to one ratio between the 
guard and main capacitances. The flared shields at the 
extreme ends are connected to ground. These eliminate 
the possibility of any leakage current from the high- 
voltage electrode reaching either the guard or measuring 
electrodes. ‘They also serve to increase the electric 
strength of the capacitor. Fig. 1 shows that the guard 
electrode is extended in the form of a shield so as to 
cover completely the back of the main electrode, and 
that the lead from the main electrode is shielded by the 
continuation of the guard in the form of a tube. 

The air capacitor as constructed consists of three 
coaxial brass tubes, the middle one acting as the high 
voltage electrode. This is 23 in. (58.5 cm) in length, 
8 in. (20.82 em) outside diameter, and 1/8 in. (0.32 cm) 
thick. There are two low-voltage tubes, one inside and 
the other outside of the high-voltage electrode. Each 
low-voltage tube consists of five sections. The central 
section, 9 in. (22.86 em) in length, forms the measuring 
electrode. This is protected by two guard ring sections, 
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one above and the other below, and two bell-shaped 
grounded shields, one at each end of the assembly. 
Each guard section is 4% in. (11.43 cm) in length. 
Each section of both low voltage tubes is separated 
from the adjoining section by a gap of 1/16 in. (1.6 mm) 
maintained by the use of bakelite rings. Each bell- 
shaped shield has an axial length of 2 in. (5.08 cm), 
making the overall length of the complete low voltage 
tube 2214 in. (56.5 em). The assembly of the inner 
low-voltage electrode is shown in Fig. 2. 

The spacing between the high- and low-voltage elec- 
trodes is fixed at 0.2 in. (5.08 mm) by means of grooves 
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cut in bakelite disks between which the tubes are 
clamped. In Fig. 2 the lower disk may be seen in place. 
The high- and low-voltage electrodes are clamped 
together between the upper and lower bakelite spacing 
disks by means of four one-half-inch brass rods. The 
assembly is mounted on a twelve-inch blind pipe flange 
as is shown in Fig. 1. This figure also shows the com- 
plete shielding of the main electrode and its lead. 

The capacitor is enclosed in a standard twelve-inch 
wrought iron pipe 4 ft (1.2 m) in length. This has 
ample strength to withstand the pressure used. The 
high-voltage bushing is a 50,000-volt circuit-breaker 
bushing furnished by the Locke Insulator Company. 
Care was taken to eliminate all sources of corona inside 
of the capacitor, all edges were rounded or protected. 
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The use of compressed air in capacitors is not new. 
Fessenden® and Max Wien’ were among the pioneers 
in its use. With the introduction of guard ring capaci- 
tors further developments and improvements were 
made by Schering® and others. Palm® found that the 
dielectric strength of air increased almost directly as 
the pressure, for pressures up to ten atmospheres. 
There is a slight change in the dielectric constant e 
with pressure. Its variation is given by the expression” 


1 — 2 Cd 
eae es ee 
where c; = constant = 195 x 10-* 
BP 
and d;= 


1 + 0.003665 T 


where P= pressure in atmospheres for the range 0 to 
175 atmospheres 

and ‘TT = temperature for the range 0 to 70 deg C. 
The variation in dielectric constant for a pressure 

change from atmospheric to ten atmospheres amounts 

to less than one-half of one per cent. Consequently, 

the effects on the capacitance of the standard of any 

pressure changes due to air leakage are negligible. 


TESTS OF THE CAPACITOR 


After assembly the capacitance of the air capacitor 
was measured by two entirely different methods. The 
capacitance of the main plate was found to be 517.5 
ppt and that of the guard 530 uuf. This is sufficiently 
close to a one-to-one ratio for our purpose and the 
ideally shielded resistors were adjusted in accordance 
with these values as will be explained later. 

At an air pressure of ten atmospheres the capacitor 
withstood 30 kilovolts continuously without any indica- 
tion of corona. When the voltage was raised to 35 
kilovolts a flashover occurred across the surface of the 
bakelite spacing disk between one end-shield and the 
high-voltage tube. The damaged bakelite spacing 
disk was repaired and a second test, made at 30 kilo- 
volts, also gave no evidence of corona or other trouble. 
It is, therefore, clear that the capacitor can safely 
withstand its working potential of 25 kilovolts. 

Experiments conducted both here® and abroad" have 
demonstrated that at atmospheric pressure and low 
relative humidity, an adequately shielded air capacitor 
is loss-free as far as measurements on commercial 
insulation are concerned. The compressed air capacitor 
was, therefore, compared with shielded flat-plate 
capacitors of this type. The tests were made at 60 
cycles in two Schering bridges, one having a maximum 
voltagerange of 1,000 volts and the other of 10,000 volts. 
Each of these bridges is completely shielded and 
guarded and has a power factor sensitivity of + 
5 x 10-*. The compressed air capacitor was inserted 
in place of the specimen in each bridge in turn and 
its power factor determined at temperatures rang- 
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ing from 10 deg to 27 deg C, and pressures from at- 
mospheric to 175 lb gage, care being taken to remove 
the moisture from the compressed air. In every case 
the power factor of the compressed air capacitor was 
found to be zero to within the accuracy of the bridges. 
We, therefore, concluded that an adequately shielded 
and guarded compressed gas capacitor is loss-free and 
that it acts as a pure capacitance. Its capacitance is 


Fig. 2—Inner Low-Voutracre TUBE OF THE CAPACITOR 


independent of voltage and temperature variations and 
its characteristics are those of a standard. 


SERIES RESISTORS 


The power factor of a load consisting of a capacitance 
and a series resistance may be accurately computed 
provided their values are known and that they are free 
from defects. Tests proved that the compressed air 

capacitor could be considered as a pure capacitance. 
The problem of constructing the second element of the 
combination, namely, a pure resistance for alternating 
current work, was more difficult. 

A resistor in addition to its ohmic resistance possesses 
three parasitic properties, self-inductance, self-capaci- 
tance and earth-capacitance. The first and second 
may be made small by the use of the proper winding. 
The third is the most troublesome and its elimination is 
a difficult problem. 

The capacitance to earth of a resistor varies with the 
position of the coil with respect to surrounding objects. 
The simplest way of fixing its value is to enclose the 
unit in a metal container maintained at a definite 
potential with respect to the voltage drop across the coil. 

In a shielded and guarded capacitor of the type con- 
structed it is of prime importance that exact equality 
of potential be maintained between. the guard and 
main electrodes and their leads. Otherwise, there will 
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be a transfer of energy through the capacitance existing 
between these two circuits which will cause errors in 
the results, as pointed out by Kouwenhoven and 
Bafios.” 

Fig. 3A shows a shielded resistor in which the 
shield is maintained at a potential equal to that of the 
mid point of the working resistance Rw by means of a 
tap from the guard resistance Rg. This connection to 
some extent balances earth capacitance effects of the 
resistance Rw, the equation being given in the appendix. 
At the same time, by use of the proper value of guard 
resistance, Rc, the equality of potentials between the 
guard and main electrodes is maintained. 

A better arrangement is obtained by subdividing the 
resistance into sections, shielding each section separately 
and maintaining each shield at its proper potential. 
Shielded resistances of this type have been described 
by Orlich,"* Kouwenhoven,“ Hiecke," Silsbee® and 
others. 

If we carry subdivision of the resistor to the limit 
where each element of the working resistance Rw is 
shielded by a corresponding element Rg in the guard 
circuit, we have the best arrangement and what may 
be called an “ideally’’ shielded resistor. Fig. 3B 
illustrates schematically such a resistor. The guard 
resistance is coaxial with and completely surrounds the 
working resistance. Both the guard and working re- 
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A—SIMPLE TYPE OF SHIELDING 
B—IpDEAL TYPE OF SHIELDING 


sistances are uniformly distributed and their values 
chosen so as to maintain equal potential drops along 
their lengths. Under these conditions there is no 
voltage across the capacitance between the two re- 
sistances because the potential is the same at all 
corresponding points along the two circuits. Therefore, 
with this method of shielding, earth capacitance effects 
are reduced toa minimum. This type of resistance was 
chosen as the second element of the standard of low 
power factor and three units, one of 1,000 ohms, one 
of 5,000 ohms, and one of 10,000 ohms nominal values, 
were constructed. 
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A theoretical discussion of the simple shielded re- 
sistor and of the ideally shielded resistor, Fig. 3 (A and 
B), is given in the appendix. 

IDEALLY SHIELDED RESISTOR 


The working resistance, Rw, is wound on a one-inch 
outside diameter pyrex glass tube in accordance with a 


method developed by Dr. Frank Wenner of the Bureau. 


of Standards. A heavy cord is placed axially along 
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Fie. 4—A 5,000-Oum IpraLty SHIELDED Resistor IN SECTION 


the surface of the glass tubing. The winding, which is 
of No. 40 A.W.G. Manganin wire, is started by passing 
the wire once around the tube, then under and around 
the cord, and then around the tube again in the reverse 
direction. The process is repeated until the desired 
resistance is obtained. Every alternate turn of this 
type of winding is reversed, thus reducing its self- 
inductance and self-capacitance to a minimum. 

The guard resistance, Rg, is wound on a two-inch 
diameter pyrex tube. This winding has the same 
axial length as that of the working circuit. It consists 
of a double layer winding with the layers wound in 
opposite directions and connected in parallel after 
annealing and adjusting. 

A sectional view of the 5,000-ohm ideally shielded 
resistor is given in Fig. 4. The tubes carrying the 
working and guard windings are mounted coaxially 
between brass plates. The resistors are enclosed by 
bakelite panels fastened to the brass plates. Con- 
venient terminals are provided for connecting any one 
of them in series with the capacitor. Fig. 5 is from a 
photograph of the three ideally shielded resistors con- 
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structed for the low-loss standard. The values of the 
resistances of the circuits of the three ideally shielded 
resistors are given in Table II. 


TESTS OF THE IDEALLY SHIELDED RESISTORS 


The phase angles of the ideally shielded resistors were 
measured in a special alternating-current bridge de- 
veloped for the purpose. This bridge and the method 
of measurement is described elsewhere.!’ The resistors 
were tested at both 60 and 500 cycles and their effective 
inductance was measured with a fixed value of current, 
Iw, flowing through the working resistance while the 
current Ig through the guard circuit was varied. The 
effective inductance’ of a resistance is given approxi- 
mately by the expression L—CR?, where L is the in- 
ductance, C the capacitance and RF the resistance of 
the unit. 

The results of the tests are given by the curves of 
Fig. 6. From the curves it is evident that the effective 
inductance of the resistors is negative when the guard 
circuit is carrying less current than the working circuit. 
However, when the guard current becomes greater 
than the working current the effective inductance 
becomes positive. This phase change is caused by the 
reversal of the capacitance currents between the two 
circuits. 


Fic. 5—Tue Turet IpeaALLy SHIELDED RESISTORS 


In computing the phase angles of the resistors the 
average effective inductance as measured at 500 and 
60 cycles was used. In Table I the phase angles of the 
resistances at 60 cycles are given for the condition of 
equal potential drops along both working and guard 
resistances. 


TABLE I 
Resistor Effective Phase angle 
ohms inductance mh 6—sec Tan @ radians 
LO000 Bees OL OB Teak en =O 47. then t —0.0000022 
BDO0 25. scent a J 0 a iE iO) Sch Lig hs. te i ote —0.0000015 
ROOD eee ss 49.005 32%.. sau SEO SOO secs wane Oe +0.0000019 


The phase angle of each resistor is less than 10- 
radians. This is considerably larger than that found 
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by calculation from the equations given in the appendix. 
This discrepancy can be explained by the fact that in 
the measurement all parasitic effects are taken into 
account, whereas in the mathematical analysis earth 
capacitance only is considered and no account taken of 
the self-inductance and self-capacitance. The equa- 
tions given in the appendix show that the effect of earth 
capacitance in the ideally shielded resistors is reduced 
to the order of 10-™ radians. In the simple shielding 
scheme Fig. 3A, the effect of earth capacitance is much 
larger, being, roughly, 5 x 10-® radians. 

The small phase angles of the ideally shielded re- 
sistors may be neglected and they may be regarded 
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as pure resistances in even the most precise dielectric 
loss measurements of today. 


THE STANDARD OF LOW POWER FACTOR 


The combination of the shielded and guarded capa- 
citor and an ideally shielded series resistor, therefore, 
forms a standard whose power factor can be computed 
accurately. The calculated values of the power factor 
of the standard at 60 cycles and the values of the re- 
sistances for equality of potential between main and 
guard electrodes of the capacitor are given in Table II. 


TABLE II 
Resistor Working Guard Power factor 
nominal value resistance resistance of standard 
ohms Rw, ohms Re ohms 60 cycles 
D000 idee vines O20 eerie TOO tect ci asia 0.000195 
S000 se. neues GMOS vecaaekn: =e BODO s 26. caw 3 0.000996 
10.000) 225.93; TOBA oes fants 10 DOG sae hodeiacne 0.001993 
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CHECKING OF SCHERING BRIDGE 


After the completion of the preliminary tests of the 
air capacitor and the resistors, the standard of low 
power factor was used to check the three Schering 
bridges in use in the Electrical Laboratories of The 
Johns Hopkins University. The results of tests on two 
of the bridges are given in Table III. 


TABLE III 
Bridge Voltage Temp. Gage pres. Pak. 

1,000-Ohm Resistor 
5 es eee e £000 stress DIE OSE) bi, se. cles, « 0........0.000196 
Deideriere eter 35,0007) ees ae 73 lead © Mcrae OMnc cree 0.000194 
i cree Aeeueke 5000s ease 18, DO BOO RCs oie cra 1204. ees 0.000196 
Des is simtaneye'e 10;000)< -zachee DD Oe Os safe cxoec'e 3 120 i nceraeeae 0.000193 
Average....... 0.000195 

5,106-Ohm Resistor 
Leas Soto eas Lj0003. fencer UO EOS erets 16 LOS. ce eg 0.000992 
Dh keine choker oi 5,000 Ss eetraen: 23 OSO A ene LOT s sco OO 000996 
DA rat = 10,000: 22. 2 OOO). cia eres ate 107........0.000992 
ee site inetore 10;0007 2 chin. one PP Rat cd © eee By Re LOO). asc ceers 0.000998 
DES ater exe 5 O00. Secon DV GO Raccoons LT7Ds vies 20s 00 L002 
Ys EN RE OOD g actteretyte 1OLO° OM, oane.ci LOO mas Mclain 0.000995 
Average....... 0.000996 

10,214-Ohm Resistor 
one L000 scrtaee ee 24 0°O Resse. LORS cote eee 0.001983 
PSB a ee 5,0003.% ean co OC O Bae ee OZ ,..5 05 0 0.001993 
Dae eee <. 10;0002 32a 23-02 Os Piya cnt. +3 107.3. a. 0. 001997 
Da itso FOO fete ee Onerdtactne LOO. aeccries 0.001990 
Dis spor siostaranees 10,0004. ce 22) So OI eee 100tex shee 0.001986 
pe 5,000 eae 10,02 O Aties oe 100: oe 0.001997 
Average.....«. 0.001991 


These tests were made at all three values of power 
factor of the standard. The average values of power 
factor given in Table III are almost in exact agreement 
with the computed values listed in Table II. In no 
case was a bridge found to be in error by as much as 
one per cent. It might well be mentioned here that it is 
quite remarkable that two Schering bridges which were 
built several years apart and which were of radically 
different arrangements should agree so closely. 

The third bridge which was tested at 20 kv was 
found to be in error by a considerable amount. This 
bridge was carefully examined and cleaned. The 
principal source of error was discovered in an entirely 
unsuspected capacitance which was shunting one of 
its arms. Another source of trouble was found to be a 
capacitor whose calibration was in error. These defects 
were remedied and the calibration of the bridge for the 
range of the standard was then found to be correct. 


CONCLUSIONS 


1. The standard of low power developed, consisting 
of a shielded and guarded capacitor and an ideally 
shielded resistor, represents satisfactorily a dielectric 
specimen. 

2. Its capacitance is loss-free, and independent of 
variations in voltage, temperature and frequency. 

3. Its resistance has a negligible phase angle and for 
practical purposes may be considered as a pure re- 
sistance. 
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4, Its values of capacitance and resistance may be 
determined accurately by independent measurements. 

5. Its power factor and loss may be computed exactly. 

6. Its value of power factor is independent of varia- 
tions in applied voltage and temperature. 

7. It possesses the primary requisite of a standard, 
namely permanence. 
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Appendix 


THEORETICAL RELATIONS 


Ideal Shielding. In order to determine the effective- 
ness of the ideal method of shielding, the equivalent 
circuit of such a resistor was analyzed mathematically. 


4 
4 
Vv Cc 
4 
Vo A 
Fig. 7 


A—EartH CaApaAciraNce SIMPLE SHIELD 
B—HARTH CAPACITANCE IDEAL SHIELD 


In this treatment the self-inductance and self-capaci- 
tance of the two coils were neglected. The distributed 
capacitance between the two coils and the distributed 
capacitance to earth of the shielding coil only were 
considered. The diagram of the equivalent circuit 
with the distributed capacitances indicated is given in 
Fig. 7B. The general case was treated where one end 
is at a fixed potential V) above ground and the other 
end at another fixed potential (V») + V1) above ground. 
This circuit is a special case of a transmission line or 
cable with uniformly distributed constants and thus 
Maxwell’s equations apply. 

In this treatment we are interested in finding an 
expression for the impedance of the working circuit. 
Since the derivation of the latter is rather lengthy and 
space limitations prohibit including it here, the final 
result only is given. 

For the general mode of attack the reader is referred 
to Silsbee’s'® work, which treats a special case where 
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one end of the resistance is grounded or Vp) = 0. The 
rigorous expression for the impedance involves a 
number of hyperbolic functions. Simplification was 
effected by expanding them into a rapidly converging 
power ‘series which is easily analyzed. The first three 
terms of this series are: 


7 15 
pif [ He Gr T 360 7 ) wl CoRwRe 
. 31 63 Ve ) 
a) Care + 15,120 Vi oC c@CwRaRw 


(CoRg + CwRw + CwRe) + ... | 


For the special case when V») = 0 or one end grounded, 
the above expression becomes, 


4 
Zane [1 — 36p wtCwCoRwRe + 


a jwWCg@CwReRw(CoRet+tCwRw+CwRe)+ eee | 

In these expressions the symbols are defined as follows: 

Zw = impedance of working circuit of resistor 

Rw = resistance of working circuit of resistor 

Req = resistance of guard circuit of resistor 

Cw = capacitance between the working and guard 
circuits assumed uniformly distributed 

Ca = capacitance from guard circuit to ground also 
assumed uniformly distributed along the length 
of the shielding coil 

V. = fixed potential of lower end 

V, = rise in potential across the circuit 

27 times the frequency 

The approximate expression for the phase angle of the 

working circuit due to earth capacitance is obtained by 

taking the ratio of the first imaginary term to the first 

real term in the above series. Thus, for the special case 

of V, = 0, the phase angle at 60 cycles of the working 

circuit is, 

tan Ow = Ow 


_. 8lwCoCwRoRw? (CoRa +CwRw+CwRe) 
= 15,120 Rw 


In order to simplify this expression, the assumption 
is made that Cg is equal to Cw which is entirely reason- 
able. Further, in the design of the resistor Rg was made 
equal to Rw. The expression now reduces to 


ke 93 wCwr Rw? 
ES ONG 1D 


The value of Cw can be computed by use of the formula 
for the capacitance of a cylindrical capacitor. It was 
found to be approximately 15 uuf for the 10,000-ohm 
resistor. For a frequency of 60 cycles, the value of the 
phase angle due to earth capacitance alone for a 10,000- 
ohm resistor is 


€ 
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es 93 x (377)3 x (15 x 10-”)3 x (104)8 
ie 15,120 


= 1 X 10-" radians. 

This is the value of the phase angle for one end of the 
coil grounded. In most cases the resistance will be 
used with neither end grounded and thus it was neces- 
sary to determine what change this will introduce into 
the value of the phase angle. The series given above 
shows that the first imaginary term is a function of the 
ratio of the potentials at the ends of the coil. In order 
to simulate perhaps the worst case, the assumption is 
made that V is equal to Vi, or that their ratio is unity. 
Now it is seen from the first of the two series, that this 
has the effect of increasing the imaginary component 
by a factor of three compared to the value which ob- 
tains when V, = 0. Hence also, the phase angle is in- 
creased by the same factor. Under these conditions, 
the phase angle due to earth capacitance for the 10,000- 
ohm resistor becomes Ow =3 X 10- radians. 

These theoretical relations show that the ideal 
method of shielding reduces the effect of earth capaci- 
tance to negligible values. The actual phase angle, 
determined experimentally, is considerably larger than 
that obtained by these computations. This is easily 
explained by the fact that the theoretical treatment 
does not take into account the effects of self-inductance 
and self-capacitance but only that of the earth capaci- 
tance. This method of shielding makes the effect of 
the latter so small that the effects of self-inductance and 
self-capacitance become large in comparison. These 
relations also indicate that the value of V» can be 
quite large compared to V, and yet the phase angle 
will be negligible. Thus, the ideal method of shielding 
effectively eliminates from consideration the most 
troublesome of the three parasitic properties of a re- 
sistor, namely earth capacitance. 

Simple Shielding. For the purposes of comparison 
it was decided to determine the effect of earth or shield 
capacitance for a resistor shielded in the manner indi- 
cated in Fig. 7A. In obtaining the equation given below 
the assumption was made that the shield is at a poten- 
tial equal to that of the midpoint of the resistor within 


y 
it, or (Vv. _ +). Capacitance effects from shield to 


ground and guard circuit to ground were neglected 
since they are small compared to that of the shield 
capacitance. 

The expression for the impedance of the equivalent 
circuit shown in Fig. 7A in terms of a power series is 


1 1 
Zw = Rw (1— sgiw0Rw—- G55 wORw+... ) 


The expression for the phase angle of the working 


1 
circuit is, therefore, tan Ow = @w = aT} wCRw 
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In order to make the basis of comparison the same C 
was taken as 15 uuf which is the computed value for 
Cw for the 10,000-ohm ideally shielded resistor. Thus, 
the phase angle at 60 cycles due to earth or shield 
capacitance for a 10,000-ohm resistor shielded as in- 
dicated in Fig. 7A is 


377 X15 X10-” x 104 
12 


Ow 2- = — 4,7X<10- radians 


Comparing this with the value obtained for the 
ideally shielded resistor it is seen that the latter is very 
much smaller. It will also be noted that for the simple 
shield the phase angle is negative and will add to the 
self-capacitance effects of the resistor; whereas in the 
ideally shielded case, the phase angle due to earth 
capacitance is positive and will tend to neutralize the 
self-capacitance. This shows further the effectiveness 
of the ideal method of shielding. 
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A Bridge for Precision Power-F actor 
Measurements on Small Oil Samples 


BY J. C. BALSBAUGH* 


Associate, A.I.E.E. 


N extensive investigation of the power factor of 
cable oils and of pure synthetic hydrocarbons was 
started in June 1930 by the Cable Research Sub- 

committee of the National Electric Light Association, 
the work being carried on under the direction of 
Dr. V. Bushin the Electrical Engineering Research Labo- 
ratories of the Massachusetts Institute of Technology. 
The first step in the research was the design and con- 
struction of a suitable bridge for the measurement of 
power factors of the order of 10-‘ to a precision of one 
per cent. The purpose of this paper is to describe the 
bridge and to present the problems involved in the 
design of a high-precision power-factor bridge. The 
complete mathematical theory of this bridge will be 
presented in a final report} to the Cable Research Sub- 
committee of the National Electric Light Association. 


I. CONSTRUCTION 


A study of the various types of bridges showed that 
the Schering type may be satisfactorily adapted for 
high-precision power-factor measurements. However, 
the Schering bridge is not symmetrical; the high-tension 
arms contain the sample and a fixed condenser re- 
spectively, while one low-tension arm contains a 
resistance and the other a resistance and a variable 
condenser in parallel. To eliminate the effect of residual 
capacitances in the low-tension resistances it is neces- 
sary to have a variable condenser in one of the high- 
tension arms for capacitance balancing. Furthermore, 
the operating flexibility of the bridge is improved by 
having a symmetrical bridge, that is, similar low- 
tension arms. 

A schematic diagram of the bridge is shown in Fig. 1. 
The high-tension arms of the bridge consist of a fixed 
air condenser C; in one arm and two variable condensers 
C, and C,’ in the other arm. The sample C, can be 
connected in parallel with C,. 

A sectional view of the fixed condenser C; is shown 
in Fig. 2. The bridge cylinder is supported from the 
external shield cylinder by three fused quartz pillars 
located at each end of the bridge cylinder. This con- 
denser is designed so that (a) a uniform electrostatic 
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{Progress reports covering the design and construction were 
presented at periodic intervals to the Cable Research Sub- 
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preliminary paper, not published, describing this bridge was 
presented by the authors at the meeting of the Insulation Com- 
mittee of the National Research Council at Harvard University 
in November, 1931. 
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and 


field is maintained over the length of the bridge or 
measuring section, (b) the bridge section is completely 
shielded, (c) a “‘grounded”’ ring is placed between the 
high-tension and shield sections to prevent leakage 
currents from entering the shield circuit, and (d) the 
small amount of solid dielectric is placed where it cannot 
influence the loss measured by the bridge. The con- 
denser has a capacitance of approximately 86.8 uyf 
(86.8 X 10- farads) and a spacing of approximately 
0.25 inch between plates. 


Fig. 1—Scurematic DiaGRAM OF BRIDGE 


Cy Fixed condenser 86.8 puyf 

Ry Fixed resistance 

Sf Shield balancing resistance to compensate for JR drop thru Rr 

Cy Variable condenser 30-100 upf 

Cc,’ Variable condenser (Vernier) Approx. 2 uuf. Total change 
0.066 ppt 

Cg Sample 

Si, So Disconnecting switches 


S3, Sg Reversing switches 


Ss, Ss Shield balancing switches 

Ri, R; Leeds and Northrup precision resistances 0.0—9,999.9 ohms 
Cj, C; General Radio precision condensers 1,500 uyf 

Cj’, Cr’ General Radio mica condensers 0O—0.1 uf 

Rsl, Rsp Shield balancing resistances (voltage) 0O—15,000 ohms 

Rg’ Rsr’ Shield balancing resistances (phase) 0—2 ohms 

Q, Q 100,000 ohms in series with quadrature voltage 

S7, Ss Switches for making single or double shield. Normally closed 


The variable condenser C, is shown in section in 
Fig. 8. Small changes in capacitance can be obtained 
by an axial movement of the inner cone by means of an 
accurate thread cut on the shaft. Condenser C, is the 
larger of the variable condensers and can be varied 
from approximately 30 uwuf to 100 uuf by a 5-inch 
movement of the internal cone or 200 revolutions of the 
shaft. Condenser C,’ is similar to C, and is variable 
from approximately 1.96 uuf to 2.02 uuf by a 14-inch 
movement of the inner cone or 60 revolutions of the 
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shaft. The shafts are rotated by means of a crank 
carried on the operating panel of the bridge. The 
shafts also carry graduated disks five inches in diameter 
with one hundred scale divisions and geared Veeder 
counters to permit accurate readings of the condenser 
settings. Backlash is prevented by the use of a simple 
lash lock. 

In the low-tension arms, C; and C, may be varied 
through a range of 1,500 uuf by twenty-five revolutions 
of a crank located on the operating panel of the bridge. 
This crank carries a graduated dial with one hundred 
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means of a substitution method. Switch S, connects 
sample C, to either the bridge or shield, while switch S: 
performs a similar service for C, and C,’. Switch S; re- 
verses the connections to the input transformer of the 
amplifier and galvanometer. Switches S; and S, con- 
nect the detecting circuit either between bridge and 
shield or between the diagonal points of the bridge. 
Switch S, reverses the low-tension arms of the bridge. 

The detecting circuit consists of an input transformer, 
the shield of the primary winding being at shield poten- 
tial, while the shield of the secondary winding is at 
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scale divisions and thus one scale division represents 
0.6 wy. 

The resistances Q are connected to the primary side 
of the transformer supplying the bridge voltage. Thus 
a voltage is obtained across R,:’ and R,,’ which is in 
approximate time quadrature with the voltage across 
R,, and R,, and thereby permits of both phase and 
magnitude adjustment of the shield voltage. 

Circuit connections of the bridge are controlled by 
switches S;, Ss, Ss, Ss, Ss, and Ss. Switches S; and S.2 
are used in obtaining power-factor measurements by 


ground potential, a three-stage pushpull amplifier, a 
band-suppression filter, 57-63 cycles per second, two 
low-pass filters, 0 to 80 cycles per second, a two-stage 
amplifier and a vibration and an alternating-current 
galvanometer. The bridge normally is operated at a 
frequency of 55 cycles per second. Thus the filter will 
eliminate the 60-cycle pick-up from other electrical 
machinery and also prevent harmonics from influencing 
the measurements. The alternating-current galvanome- 
ter is a Leeds and Northrup No. 2470 with a sensi- 
tivity of 0.025 microamperes per millimeter deflection. 
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The bridge is designed for a maximum voltage of 5,000 
volts. 


II. Power-FAcTtoR MEASUREMENTS 


The power factor measured by the bridge is 

P;- 12. = oC,R, — wC RR, (1) 
in which P; and P, are respectively the absolute power 
factors of the fixed condenser C; and combination of 
condensers in the arm containing C,. Thus to obtain 
the power factor of an oil sample to a precision of 10-¢ 
requires the evaluation of the absolute power factor of 
C; and C, to the same precision. 


In the past, P; of equation (1) has been assumed to 
be zero and the absolute power factor of the unknown 
has been arbitrarily taken as in equation (1). Our 
measurements show, however, that when high accuracy 
is desired such a procedure is in error. Air condensers 
of the best design have been found to have absolute 
power factors of the order of 10-*, and the loss appears 
to be a surface phenomenon rather than to occur in 
the body of the gas. This is shown by the following 
results: the loss varies approximately as the square of 
the average potential gradient between plates and as 
the first power of the plate area; the loss depends on 
the kind of metal used for the condenser plates and also 
upon the condition of the metal surfaces, being affected 
by thin layers of oxide, water, or soot on the plates. 
However, all of the loss does not occur in the metal 
itself or in the oxide coating since the power factor 
changes as the air pressure is changed. Furthermore, 
the power factor is affected by the temperature of the 
condenser and is reduced by degassing of the condenser 
surfaces. A more detailed discussion of the absolute 
power factor of air condensers will be given in a forth- 
coming paper. 

In determining the values of wRC in equation (1), 
obviously the values of w and R may be obtained to 
the desired precision. However, the value of the ca- 
pacitance in either low-tension arm is more difficult to 
determine. As shown in Fig. 1 the resistances R, and 
R, and the capacitances C,, and C, are shielded at ground 
potential. Consequently the capacitances in the low- 
tension arms will consist of the condensers C, and C; 
and shunt capacitances to ground. The effect of the 
shunt capacitances to ground in the resistances R; and 
R, on the power-factor measurement of the bridge may 
be obtained by considering the capacitances of the low- 
tension arms to be (C; + C;,) and (C, + C,.) respec- 
tively. The capacitances C,, and C,, are the shunt 
capacitances to ground of the resistances R, and R, 
respectively. Then the power-factor measurement by 
the bridge as given by equation (1) becomes 

P;- Pz = wR, =a wR; + wC,.R, =) C,.Ry (2) 

Equation (2) shows that effect of C,, and C,, on the 
power-factor measurement by the bridge depends 
upon their difference. This effect may be decreased by 
using identical construction and mounting for the two 


AND MOON Transactions A.I.E.E. 
low-tension arms, and by using equal values or Rf, 
and R,. It is also helped by using low values of re- 
sistances R; and R,.. However, this will decrease the 
sensitivity of the bridge. 

The effect of C,, and C;, on the power factor measured 
by the bridge may be eliminated by using a substitution 
method. Thus in Fig. 1 the bridge is first balanced 
with the sample C, connected to the shield by the 
switch S;. With the bridge arms connected direct and 
R, equal to R,, the power factor measured by the 
bridge is 

P;- 1Pa = wC4iR,— oC rR, + wC,R, — wC),R, (3) 
where P,; is the power factor of (C,; + Covi’), Covi and 
C,,’ are the capacitances of the variable condensers 
C, and C,’ respectively in this balance, and C,, and 
Ci, are the values of the condensers C, and C; respec- 
tively in this balance. Since R; is equal to R,, then 
Co. + Cyr’ = Cy. 

If now the sample C, is connected into the bridge 
circuit in parallel with C, and C,’, rebalance of the 
bridge will require an adjustment of C,:, C,:’ and 
either C,, or Ci;. Assuming C,; is adjusted for balance, 
then the power factor measured by the bridge is 
P;— Pry = oC rR,— wCrRi + wC,,R,— wCiRi (4) 
where P,. is the power factor of (Cy. + Cre’ + C,), 
C,. and C,»’ are the capacitances of the variable con- 
densers C, and C,’ respectively in this balance, and Ciz 


is the new value of C, to obtain balance. In this 
balance (Cy. + C2’ + C.) = Cy. 
Subtracting equations (4) and (3) gives 
Ps == Ps — wR, (Ci2— Cu) (5) 


Equation (5) shows that the difference in power 
factors Pz. — P.: is independent of the phase angle of 
the resistances R, and R,; and depends only upon differ- 
ence in the capacitance readings of one of the low- 
tension condensers in the two balances. However, 
P,. and P,, are power factors of combination of capaci- 
tances in the variable high-tension arm of the bridge. 
It is desired to evaluate the absolute power factor of 
the sample P, from equation (5). The capacitance C, 
of the sample is equal to 


G, = (Coit Co1’)— (Cv2 +C 42’) =C;— (Cr+ Cx2') 
and 


(6) 


C; — Cr == C1’ = ANF'9 8 = C2" = Gy (7) 

Let the absolute power factors of the capacitance 

C,1 be P,; and the absolute power factor of the capaci- 
tance C,,’ be P,:’. Then it can be shown that 


C, C1’ 
Pu = (Py) C, + (Poe) G, (8) 
and 
Cy is a cy 
Pa = (Pu) G+ Pn) G+ Pg  @) 


in which P,» is the absolute power factor of the capaci- 
tance C,. and P,,’ is the absolute power factor of the 
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capacitance C,.’. In general the difference between 
the capacitance C,,’ and C,»2’ to obtain balance is quite 
small so that the difference between 


is negligible. 


Then the difference between equations 
(9) and (8) is 


Equating (5) and (10) and solving for P, gives 


ees Cr2 Cr 


Pix (Cr— Cu)— Lesa Cr lar nter re C: (11) 


The use of the variable condenser in one of the high- 
tension arms of the bridge permits obtaining a capaci- 
tance balance of the bridge when the sample is con- 
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III. SENSITIVITY OF THE BRIDGE 


A theoretical treatment of the sensitivity of the 
bridge has been made by Tschiassny.” Defining the 
sensitivity of the bridge S; as the reciprocal of the 
smallest detectable loss angle A6,, the sensitivity is 


i? WOR, 
Ad,  Aém ((Ri+R,+R,)?+(wL,)?\” 


Ss = (12) 


in which Ae,, is the smallest voltage that can be detected 
when applied across the input terminals of the amplifier, 
E is the applied bridge voltage, and Z,, R, and L, are 
the input impedance, resistance and inductance re- 
spectively of the amplifier. Thus the sensitivity of 
the bridge is (a) increased by increase in frequency, 
(b) inversely proportional to Ae,, (c) directly propor- 
tional to the applied voltage E, (d) directly proportional 
to the capacitance in the high-tension arms, (e) nearly 
directly proportional to the low-tension resistances R, 
and R,, (f) increased by an increase in the input im- 


Fie. 4—O1 Creu 


1, Pyrex glass 

2. High-tension section—nickel cylinder 
4, Shield section—nickel cylinders 

5. Measuring section—nickel cylinder 

. Supports—nickel disks 

12. Shield—nickel disk 

13. Metal shield sealed into glass tube 
14. Support for high-tension section 2 

. Supports for high-tension section 2 


nected into the bridge circuit by adjusting the variable 
capacitance instead of the resistances R, or R;. Thus, 
it is only necessary to determine the differences in 
capacitance settings of either C; or C,. The capacitances 
C, or C, may be calibrated against a standard condenser 
or as shown in Part V may be calibrated in terms of 
known power factors. 

The precision in power-factor measurement by the 
bridge is thus dependent upon the accuracy with which 
the changes in C; or C, can be determined. The use of 
variable high-tension condensers makes it necessary to 
determine only the difference in the absolute values of 
different settings of either C; or C, instead of absolute 
values for each setting. For increased precision it 
would be possible to use a variable condenser of the 
type shown in Fig. 3 with dimensions such that differ- 
ences in capacitances for different settings could be 
obtained to the desired accuracy from the dimensions 
of the condenser. 


. Nickel wire supports for high-tension section 
3. Spacers for shield sections 

22. Spacer for measuring section 

24. Lead from shield sections 3, 4 and 13 

25. Connection from shield 13 to shield 3 

26. Connection from shield 3 to shield 4 

27. Lead to measuring section 5 

28. Lead to high-tension section 2 

29. Seal for measuring-section lead 


pedance of the amplifier until Z, becomes large relative 
to (R i+ Rs). 

The value of Ae,, for this bridge may be adjusted to 
10-* volts. This will give (with R, and R, equal to 
10,000 ohms, C; equal to 86.8 uuf, R, equal to 1,500 
ohms, L, equal to 65 henrys, frequency of 60 cycles 
and an applied bridge voltage of 1,000 volts) a bridge 
sensitivity expressed in power factor of approximately 
4.5¢310=: 


IV. Om CELL 


One type of oil cell that has been developed for this 
research is shown in Fig. 4. This cell consists principally 
of high-voltage, measuring and shield cylinders similar 
to the fixed and variable condensers shown in Figs. 2 
and 3. These cylinders are made of nickel. The use 
of shield cylinders assures an approximately uniform 


12. See bibliography for numbered references. 


532 


field in the oil under test and also permits the desired 
precision in power-factor measurement to be obtained. 
The use of metal cylinder 18 sealed into the glass tube 
and connected to shield prevents the glass-conduction 
and surface-leakage currents from the high-tension 
lead 26 from entering the bridge circuit and being 
measured with the power factor of the oil. The cell is 
designed so that it can be thoroughly evacuated. A 
coil is mounted around the outer glass tube 1 so that 
the nickel cylinders may be heated by induction and a 
gas-free surface obtained. Also the cell is mounted in 
an oven to permit heating the cell. It is planned to use 
this cell for tests on pure synthesized hydrocarbons. 
Some evidence has already been obtained which would 
indicate that surface effects in the cell have an appre- 
ciable influence on the measured power factor of com- 
mercial cable oil. 


V. TESTS OF POWER-FACTOR MEASUREMENTS OF THE 
BRIDGE 


One check on the operation of the bridge is obtained 
by connecting a resistance R; in series with the measur- 


Fig. 5—EquivaLent Brings Circuit 


ing section of the fixed condenser C;. In this way the 
power factor of the fixed condenser is increased by 
wR,C;. Installing the resistance R; in series with the 
fixed condenser requires an alteration of the shield 
circuit as shown in Fig. 1. The current flowing through 
the capacitance C; will also flow through R;, thereby 
introducing a voltage drop in the bridge circuit. A 
corresponding voltage drop must be introduced into 
the shield circuit by the use of S; so that the bridge 
circuits on both sides of the resistance R; will be com- 
pletely shielded. The value of S; is obtained by con- 
necting the galvanometer between bridge and shield by 
means of switches S; and S, in Fig. 1 and then ad- 
justing S; until the galvanometer shows no deflection 
when the bridge and shield are connected together on 
the condenser side of the resistance R;. 

The substitution method is used in measuring the 
increase in power factor of the fixed condenser due to 
connecting the resistance R; in series with C;. ‘The 
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bridge is first balanced with R; equal to zero and then 
balanced with a definite value of R; and the change in 
either C, or C, obtained. A number of. tests have 
shown that the measured power factor is well within 
the desired precision of 10-®. 


VI. SHIELD BALANCE 


A diagrammatic plan of this bridge is shown in Fig. 5. 
In this diagram “‘s’”’ represents the shield, Z, and Zs 
represent the impedances between the shield and 
bridge points 6; and b. respectively, Z; represents the 
capacitance from high tension to shield and Z, repre- 
sents an impedance for magnitude-balancing and 
phase-balancing the potential of “‘s’’ with respect to 


b, and 6». Solving for the Fe Peay Os Ss current”s from 
Fig. 5 gives 

ii N 

ar ch) (13) 
where 
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L 1 
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— Z:Z2L723(Z3 — Zs) (Zs + Z; = Z,) | 


Equation (13) shows that the bridge is balanced, 


I 
(that is, E is zero), for the condition of 


225 = Zolr (14) 
_ and 225 = 2:47 (15) 
or Z.Z¢ = Z:L3 (16) 


For the relative impedances in this bridge and for 
the condition of the shield close to balance, the value 


I 
of Er as a function of Z. and Z, and as given by (13) 
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may be closely approximated by 


pele lee | 
E A Z 122 22; =F Z g 
For the relative values of impedances in this bridge 


and for the condition of equal ratio arms and the bridge 
circuit in balance (that is, Z:Z3 = Z.Z;) the value of 


(17) 


I, 


B38 a function of Z, and as given by (13) may be 


closely approximated by 


ee alll Zi ide | 
EA a RA oa ee 

Equation (18) shows that with the bridge circuit 
balanced and the shield circuit unbalanced, the galva- 
nometer current is proportional to the magnitude or 
phase unbalancing of the shield and is also proportional 
to the difference in the admittances between bridge and 
shield circuit. Thus the closeness with which Z; must 
be adjusted for a given precision in power-factor 
measurement depends directly upon the difference of 
the capacitances between the bridge and shield circuits. 
Furthermore it may be noted from a comparison of 
equations (17) and (18) that with the power factor of 
Z, and Z; equal to zero, a magnitude-unbalance of the 
shield circuit, that is, a change in the resistance com- 
ponent of Z;, will give a galvanometer current of very 
nearly the same phase position as a power factor un- 
balance between Z, and Z, with the bridge and shield 
previously balanced. Similarly a phase unbalance of 
the shield circuit from balance with the power factor of 
Z,and Z; equal to zero will give a galvanometer current 
of the same phase position as a capacitance unbalance 
between Z, and Z, with the bridge and shield previously 
balanced. 

_ Kouwenhoven and Bafios” have stated that it is 

advisable to keep the cross-capacitances existing be- 
tween the measuring and guard circuits low, and also 
that it is of great importance that the conductances of 
the cross-capacitances be maintained at zero. How- 
ever, it should be noted that it is the difference in the 
cross-capacitances which is of importance to keep 
small and not their individual magnitudes. Kouwen- 
hoven and Bafios”’ have also stated that for the relative 
impedances in their bridge that phase balancing of the 
shield is not necessary. This predicates, however, that 
the phase shifter for bridge balancing must be quite 
accurately set. 

The effect of magnitude and phase unbalancing of 
the shield circuit with the bridge circuit balanced is 
shown graphically in Fig. 6. The current J, shown in 
Fig. 6 is the galvanometer current per unit bridge 
voltage for the condition of Z;, Z3, Z:, Zs as given in 
Fig. 6 and Z. equal to 100 wuf and a power factor of 
10-* and Z, equal to 5,000 ohms in parallel with 300 uuf. 
Thus it represents the condition of a power factor 


(18) 
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unbalance in Z, and Z; of 10-* with the bridge and 
shield previously balanced. The current J, represents 
a capacitance unbalance of 10-* uuf in Z, and Z,, the 
remaining conditions being the same as for J,. 

Current OO’ in Fig. 6 represents the galvanometer 
current in magnitude and phase for Z:, Z2, Z3, Z:, Zs 
and Z, as given in Fig. 6, Z, and Z; are equal to im- 
pedances corresponding to 600 uyf and 1,400 uuf at 
zero power factor respectively and Z,;is equal to 4,999 + 
j0. Thus with the bridge circuit balanced and the shield 
circuit unbalanced in magnitude and in phase the 
galvanometer current OO’ has a component in phase 
with J, and J, and therefore represents an indicated 
power factor and capacitance difference between Z, 
and Z,;. For the same conditions except for Z,; equal 


GALVANOMETER CURRENT TIMES 107'4 ampeRES 
PER VOLT 


Z; =Z2— l00ppf— ZERO POWER FACTOR 

Z7 =Zg-— 10,000 OHMS IN PARALLEL WITH Opt) 
Z4= Zs5 AT ZERO POWER FACTOR ; ; 
Z3 =200pyf — ZERO POWER FACTOR | 


N y XI Zg= 1500 + [25,000 ; | 
Be : : : 
S ; 
ce | 
>. 


Fig 6—GaLVANOMETER CURRENT FOR SHIELD UNBALANCING 


to 5,000 + 70 the galvanometer current is given by 
OO” and in this case the galvanometer current repre- 
sents a capacitance difference between Z: and Zi. 
With the capacitances between the shield and bridge 
(Z, and Z;) having a power factor other than zero the 
slope of the lines AA’, BB’, CC’, DD’ and EE’ in 
Fig. 6 would be changed by approximately the angle 
of Z, and Z;. Thus in this case a phase unbalance of 
the shield will give a galvanometer current with a 
component in phase with J,, and therefore the bridge 
would have an indicated power factor although the 
bridge circuit is balanced. With the bridge constants 
as given in Fig. 6 the shield is unbalanced in phase by 
300 uuf. In the usual bridge the difference between the 
shield capacitance to ground and the capacitance from 
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bridge points 6, and 6, to ground may be many times 

this value. This difference in capacitance in combina- 

tion with a difference between Z, and Z; and a power 

factor of 1 to 2 per cent of Z, and Z; can give a power- 

factor indication in the galvanometer even with the 

bridge circuit balanced, of several times 10-*. These 

results have been checked from the rigorous equation 

(13) and also by experiment. 

Another factor of importance in shield balancing is 
the accuracy with which the phase shifter can be set 
in the bridge balance. The accuracy of the setting 
will depend upon the sensitivity of the bridge and the 
design of the phase shifter. This factor in addition to 
the effect of difference between Z, and Z; makes it 
advisable to balance the shield for phase when measur- 
ing to a precision in power factor of 10-. 


It is further suggested that it may be advisable to 
simplify shield balancing by connecting into the bridge, 
variable condensers between the bridge and shield so 
that Z, and Z; may be made approximately equal. 
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CONCLUSIONS 


Our experience in the design and operation of a bridge 
for the power-factor measurement of a small oil sample 
to a power-factor precision of 10-* has proved both 
from an experimental and theoretical basis the following 
conclusions: 

1. Air condensers of usual design may have absolute 
power factors substantially higher than 10-6. 


2. The measurement of the power factor of an oil 
sample to a power-factor precision of 10-* requires the 
evaluation of the absolute power factor of the high- 
tension condensers forming a part of the bridge to a 
power-factor precision of 10-*. 

3. The use of high-tension variable condensers for 
capacitance balancing eliminates the necessity of de- 
termining absolute values of capacitance of the power- 
factor measuring condensers. 

4. With a single shield circuit, the difference in 
capacitance between the bridge and shield on the two 
sides of the bridge determines the accuracy to which 
the shield must be balanced. 
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5. It is suggested that variable condensers be in- 
stalled between bridge and shield circuits so that the 
difference in capacitance in (4) can be made quite small. 


6. The sensitivity of the bridge expressed in terms 
of power factor should be substantially higher than the 
desired power-factor precision. 


7. The use of ordinary insulations between bridge 
and shield, the limit in accuracy to which the phase 
shifter can be set, and relatively large differences in 
capacitance between bridge circuits and shield, make 
it necessary to provide phase balancing of the shield 
circuit. 


8. Ordinary insulations may be used between the 
bridge and shield circuits. 


9. The insulation between bridge and shield cir- 
cuits should be effectively shielded from the high- 
tension sections. 


10. Insulation of shield and high-voltage sections 
should be to ground. 


11. It is suggested that the power-factor measuring 
condensers be so designed that differences in absolute 
capacitances may be obtained from dimensions. 


12. The power-factor measurement of oil samples to 
a power-factor precision of 10-* requires a study of 
surface effects in the oil cell and the method of pre- 
paring the oil cell for the sample. 
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Discussion 


A STANDARD OF LOW POWER FACTOR 
(KOUWENHOVEN AND BERBERICH) 


A BRIDGE FOR PRECISION POWER FACTOR 
MEASUREMENTS 
(BALSBAUGH AND SPORN) 


E. S. Lee: The papers on power factor bridges and reference 
standards largely trace their A.I.E.E. history back to the year 
1925, for in that year there was a paper presented on the test- 
ing of eables,! which, as far as I can ascertain, was the first 
A.I.E.E. paper to deseribe the use of the Schering bridge. 
That bridge was used for the measurement of cable samples and 
long lengths at power factor values in the order of 0.005 (0.5 per 
cent) and results are given in the paper to show that by inde- 
pendent methods the values were in agreement within power 
factor 0.002 or (0.2 per cent). 

Immediately thereafter Schering and other bridges sprang into 
existence. Between then and today about a dozen papers have 
been published in the Transactions of the Institute, each 
successive paper showing advance, until today we have the paper 
by Messrs. Balsbaugh and Moon, stating as their objective a 
power-factor bridge for the measurement of power factor in the 
order of 0.0001 (0.01 per cent) to a precision of 0.000001. I take 
it from the paper that the authors achieved the desired precision, 
though the attainment of an accuracy figure is not made clear. 

The standard described by Messrs. Kouwenhoven and Ber- 
berich fills a desired need. It recalls the many things we have 
done to assure ourselves of the accuracy of our bridges. Compari- 
son of values obtained by others—the use of a calorimeter, 
measurement by independent methods—all of which have been 
desired, make a standard of reference very desirable. We wish 
we might have availed ourselves of the opportunity to use the 
Kouwenhoven and Berberich standard in measurements with our 
own bridges, but present conditions have prevented this, as the 
shipping and packing of such represents a sum which in these 
days is considered substantial. The usefulness of such a standard 
is increased considerably if it may easily and cheaply be shipped 
as a piece of cable, or carried by hand as the standard developed 


1. Testing High-Tension Impregnated Paper-I nsulated, Lead-Covered Cable, 
_ by E.S. Lee, A.I.E.E. Trans., 1925, p. 105. 
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by Mr. Farmer and referred to by Messrs. Kouwenhoven and 
Berberich. 


J.C. Balsbaugh: It should first be appreciated that connect- 
ing a resistance in series with a condenser increases the power 
factor of the combination of condenser and resistance by a known 
amount but does not give any indication of the absolute power 
factor of the combination. The absolute power factor of the 
combination is represented by the resistance only when the abso- 
lute power factor of the condenser is zero or negligible within the 
desired precision range. A research project carried on in the 
Electrical Engineering Department of the Massachusetts Insti- 
tute of Technology in cooperation with the Cable Research Sub- 
committee of the National Electric Light Association, involving 
the study of the power factor of small oil samples with a bridge 
having an accuracy and precision equal to 10-* and a sensitivity 
that may be adjusted to 10-° has shown conclusively that air 
condensers have absolute power factors which have been found 
to be as high as 10-* and are a function of kind of metal surfaces, 
voltage gradient and nature of the surfaces. 


The method of connecting a resistance in series with a con- 
denser to increase the power factor by a known amount has been 
used by the writer for several years as a means of checking the 
calibration of the power-factor measuring condensers. This has 
been done for power factor ranges of 3 to 5 times 10-* and where 
the accuracy of the shield balance and the dimensions of shielding 
for the resistance are such that it can be shown that it is not 
necessary to use an “‘ideally’’ shielded resistance. 


It can be shown that both the precision and accuracy of a 
power-factor measurement can quite simply and easily be ob- 
tained to a value of 10-6 and beyond by (a) accurate bridge bal- 
aneing using a variable high-tension condenser, (b) accurate 
shield balancing, (c) proper condenser design, (d) measuring 
power factor in terms of differences in capacitances of one low- 
tension condenser for different settings through reversal of low- 
tension arms and use of equal ratio arms with fixed low-tension 
resistances, (e) evaluation of absolute power factors of high- 
tension condensers to desired range and (f) use of a proper bridge 
circuit. 

Kouwenhoven and Berberich have made a very interesting de- 
sign of a condenser and an ideally shielded resistance. However, 
it should be appreciated that it cannot be used as a standard of 
power factor in a range where the absolute power factor of the 
condenser is significant. Even when used in a range where it may 
justifiably be used as a standard I believe that equal precision 
and accuracy may be obtained more easily and economically 
through the use of a proper bridge circuit and a proper method 
of bridge operation and measurement. 


W. B. Kouwenhoven: The standard we have constructed is 
heavy and bulky to ship because in a single unit it embraces both 
the air capacitor and the ideally shielded resistor. The capacitor 
like all high voltage air capacitors is necessarily large and heavy. 
The ideally shielded resistor, however, is small and light and 
could be easily shipped if desired. It may be used with any air 
capacitor whose main and guard plates have equal capacitances. 
In ease an air capacitor has a low guard capacitance compared 
to the main plate, it may be brought up to the one-to-one ratio 
by connecting a second air capacitor of the proper value in 
parallel with the guard. 

As Mr. Balsbaugh points out, the simple act of connecting a 
resistance in series with an air capacitor only gives a known 
increase in power factor but does not tell anything about the 
absolute value of that quantity. If, however, the capacitor is 
constructed of the proper metal, is polished, cleaned with alcohol 
and is operated at low voltage gradients, and in a dry atmosphere 
kept free from dust, its power factor is zero at commercial fre- 
quency to within the accuracy of our present day measuring 
equipment. It is true that there is even then a certain loss 
caused by the ionization of the air due to radium emanations 
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from the earth and to other sources of ionization. This might 
be called the inherent power factor of an air capacitor. Its value 
is very small and Doctor Lemmon and I were not able to detect 
the ionization current in any of our capacitors at The Johns 
Hopkins University, using a high voltage continuous current 
supply and a galvanometer with a sensitivity of 10~'! amperes 
per millimeter deflection. If the air capacitor surfaces become 
tarnished and dust collects on them the power factor is no longer 
unity. In the limited space in our paper we have pointed out 
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some of the errors that may be introduced by the introduction of 
a simple series resistance in the air capacitor lead as suggested 
by Mr. Balsbaugh. We do not recommend this method as the 
difference of potential between the main and guard leads that 
results causes a flow of current through the capacitance existing 
between them. And even if the guard and main lead are brought 
to the same potential and phase at the bridge corner by means of 
Mr. Balsbaugh’s bridge arrangements that does not mean that 
they are at the same potential throughout their entire length. 


Laboratory Measurement of Impulse Voltages 


BY J. C. DOWELL* 


Associate, A.I.E.E. 


Synopsis—A brief description is given of impulse generators 
and the discharge circuit constants involved in obtaining impulse 
voltages of the desired wave shapes. The relative influences of 
these constants are recognized and simplified discharge circuits are 
given. The variations in the wave shape and the reasons for the 
differences in sparkover values obtained with the three test waves, 
14/5, 1/10 and 144/40, are discussed. 

The degree of accuracy of the sphere gap for use in measuring 
impulse voltages is outlined. The resistance-capacitance and the 
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resistance-cable voltage dividers for the connection of the cathode 
ray oscillograph are described and their operation analyzed in 
detail. Both dividers are shown to be satisfactory when properly 
arranged. Data are given showing that the same kilovolts per 
millimeter on the oscillogram for widely different wave shapes can 
be obtained. 

A specimen table for recording of complete test data is suggested 
which, it is thought, will tend to eliminate a lack of uniformity and 
completeness in data previously reported. 


INTRODUCTION 


HIS paper treats of the impulse testing of insula- 
tion and with the precautions necessary to produce 
impulse voltages of the desired wave shape. Such 

testing involves the construction of circuits of the 
proper electrical constants, the accurate measurement 
of these constants, the calculation of electrical varia- 
tions in the circuit and the checking of these calculations 
by indicating and recording instruments. Confidence 
in test results obtained accrues to the extent that this 
rigorous analysis can be accomplished. This paper 
presents a summary of some recent experiences directed 
toward this goal. 


METHOD OF OBTAINING IMPULSE VOLTAGES 


As early as 1913 a generator producing high voltage 
impulses of a predetermined wave shape and voltage 
was developed in the laboratory and used to determine 
the time lag and impulse ratio of gaps and insulators, 
and the impulse strength of insulations.1 Generators 
of increasingly higher voltages have since been de- 
veloped? and a generator for producing 10,000,000 volts 
has recently been announced by the High Voltage Engi- 
neering Laboratory at Pittsfield. 

In present practise the voltages used in impulse 
testing are obtained by discharging high voltage capaci- 
tors. These capacitors are first charged directly from 
transformers or through vacuum rectifier tubes. For 
low amplitude impulse voltages the capacitor dis- 
charges directly through an arranged discharge circuit, 
for high voltages several capacitors with interconnected 
spark gaps are charged in parallel and discharged in 
series.3 4 

The impulse voltages are obtained by connecting the 
test piece across the resistance through which the ca- 
pacitor bank discharges. In Fig. 1 is shown a complete 
discharge circuit with all constants which influence the 
shape of the discharge wave. In this circuit the test 


*General Electric Company, Pittsfield, Mass. 

+General Electric Company, Schenectady, N. Y. 

1. For numbered references see bibliography. 

Presented at the Winter Convention of the A.I.E.E., New York, 
N. Y., January 23-27, 1933. 


piece is considered as a capacitance. The constant C,; 
represents the capacitance of the impulse generator on 
discharge (all the individual units connected in series). 
The inductance L includes the natural inductance of the 
total discharge loop plus any inductance that may be 
added. The constant C, represents the capacitance of 
the connected load or test piece such as sphere gaps, 
insulators, bushings, etc. The two resistances R, and 
R, are added to the circuit to control the front and 
length of the wave respectively. With the test speci- 
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Fig. 1—Compietre ImpuLtse GENERATOR DISCHARGE CIRCUIT 


men C, connected across R, the ratio of the crest im- 
pulse voltage to the initial capacitor voltage is the 
voltage efficiency of the lightning generator. This 
efficiency should be high to permit the attainment of 
the highest possible impulse voltages with a given 
capacitor bank. 


METHOD OF OBTAINING SPECIFIED IMPULSE WAVES 


Measurement of natural lightning surges® in power 
circuits have shown that the surges which produce 
damaging effects are of very short time duration (a 
few microseconds at the most) and practically always 
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unidirectional in polarity. The waves which have been 
used to greatest extent in the laboratory are unidi- 
rectional in polarity (impulses) and have been defined 
as follows: (14-5), (1-10) and (114-40). In each case 
the first figure represents the time-to-crest voltage and 
the second figure the time-to-half crest on the wave 
tail in microseconds or millionths of a second, both 
measured from zero time. 


PERCENT VOLTAGE 


5.0 


40 
Microseconds 


Fig. 2—Inpur VouraGE IN USE AT PRESENT 


As far as the definitions of the test waves go these 
three waves are represented by the dotted lines in 
Fig. 2. Practically, of course, wave shapes with such 
discontinuities at the crest cannot be obtained. The 
uninterrupted discharge of the lightning generator 
capacitor always gives a wave with no discontinuities. 
The five circuit constants shown in Fig. 1 are always 
present. A complete mathematical circuit analysis 
must include all five constants. However, in many 
instances certain of the constants have little influence 
on the wave shape. In Fig. 3 are shown two approxi- 
mate circuits A and B. As far as general wave shape 
is concerned in practical testing work either one or the 
other of these two circuits is relied upon to produce the 
wave characteristics desired. Both these circuits give 
wave shapes which are mathematically the difference 
of two exponentials. As shown elsewhere‘ when the 

T> time to half crest on the tail 


tio —* = 
ratlo T 


- is constant 
1 time to crest 


the wave shape is fixed and the same for both circuits 
A and B. In Fig. 2 the calculated waves corresponding 
to the definitions have been plotted in solid lines. It 
is noted that up to crest value the definitions describe 
the waves rather poorly. The waves do not rise from 
zero to crest value at a uniform rate. On the lower 
part of the wave fronts the kilovolts per microsecond 
is much greater than it is later when the voltage is 
approaching the crest value. A large percentage of 
the total time of the wave front is consumed in rising 
from 90 per cent to crest. This percentage is greater 
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with the slower waves. This fact causes the chief 
difference between the three fronts to be near the crest 
and the three are nearly identical on the first part of 
the rising front. The waves differ very greatly on the 
crest and tail. From approximately 0.5 microsecond 
on, the slow wave has a sustained high voltage within 
10 per cent of the actual crest value for 5 or 6 micro- 
seconds, compared to 1 microsecond for the fast wave. 
This fact coupled with the slow voltage decrease to 
one-half crest value at 40 microseconds as compared 
to 5 for the fast wave accounts for the low flashover 
values obtained for the (1144-40) wave. Further, it 
has been found difficult in several laboratories to pro- 
duce the 0.5 microsecond to crest with the higher 
voltage impulse generators and correspondingly longer 
discharge circuits. The wave obtained requires from 
0.5 to 1.0 microsecond to crest. It appears that the 
different flashover values obtained with the three 
waves are caused by the flatness of the wave crest and 
the rate of dropping off of the tail and not by the 
apparently small differences in wave front. 


METHOD OF MEASURING IMPULSE VOLTAGES 


The sphere spark gap’ and cathode-ray oscillograph® 
are relied upon at present to measure crest voltages 
and record wave shapes. In tests where the impulse 
voltage can be repeated the sphere gap when used with 
proper precautions and corrected for air density can be 
used to measure crest voltages of impulses within a few 
per cent. At present the calibration curves which have 
been adopted include up to 75 em diameter spheres and 
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Fig. 3—Simpiiriep IMPULSE GENERATOR DISCHARGE CIRCUITS 


voltages up to 1,250 kilovolts crest. There is great need 
for standardization above this voltage range possibly 
through 2 meter diameter spheres. As stated above 
when properly used, the sphere gap is reliable for crest 
voltage measurements on all the waves being used for 
practical impulse testing work. That accurate crest 
voltage measurements on the (14-5) wave are obtained 
is shown by Fig. 4. This oscillogram was taken with 
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the crest voltage of the impulse held at the lowest 
amplitude for flashover. The breakdown, it is noted, 
is on the crest of the wave and for air breakdown at 
atmospheric pressure this indicates no time lag. 

It happens occasionally that oscillograms are ob- 
tained which appear to indicate sphere gap time lag, 


—~ Boe2s4 


0.5-5 wave with coordination 
gap 


0.5-5 wave with coordination 
gap flashover 


0.5-5 wave with sphere gap 
flashover 


Fig. 4—ImputsE FLASHOVER OF COORDINATION Gap 0.5—-5 
WAVE 


but such lag can usually be explained in terms of the 
constants of the sphere gap circuit rather than by the 
inherent lag in the flashover between the spheres. 
Various investigators working generally at lower volt- 
‘ages have arrived at a value of 10-2 microseconds for 
the inherent time lag of sphere gap breakdown.’ This 
order of time lag is not great enough to cause appre- 
ciable errors when the crest voltages of the applied 
waves are being measured. A special problem arises, 
however, when very high overvoltages with steep front 
waves are applied to the spheres and the breakdown 
occurs on the front of the wave. Under these conditions 
the time lag of the sphere gap is great enough to cause 
appreciable errors. The magnitude of the error de- 
pends upon the per cent overvoltage, the size and spac- 
ing of the spheres, and the steepness of the wave front. 
Such sphere gap characteristics have long been re- 
cognized.!:!° 

The cathode-ray oscillograph has been applied to the 
recording of wave shapes of laboratory lightning with 
good success. The technique involved is not as yet, 
however, entirely satisfactory. The problem of time 
coordination of the oscillograph operation with the im- 
pulse generator discharge has been solved with consid- 
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erable satisfaction in several ways as described else- 
where‘. The particular remaining problem is that of 
providing suitable voltage dividers for reducing the im- 
pulse voltage to proportions which will permit its appli- 
cation to the cathode-ray oscillograph deflection plates. 
The ratio of voltage reduction required is of the order of 
1,000,000 volts to 1,000, or 1,000 to 1. A proper voltage 
divider accurately reproduces across the deflector plates 
of the oscillograph, the impulse wave applied to the test 
piece, regardless of the shape of the wave used. The 
ratio of the divider must remain constant regardless of 
the equivalent frequencies. A divider may reproduce 
very accurately a smooth wave but tend to dampen out 
any oscillations that are superimposed on a wave. A 
thorough study of the characteristics of the divider must, 
therefore, be made before it can be used with confidence 
over a wide variety of impulse wave shapes. This is 
especially essential before using the oscillograph for 
measuring kilovolts, instead of using the spheres direct. 

Two types of voltage dividers have been used to great 
extent in recent impulse testing work. These types are 
known as the resistance-capacitance divider and the 
resistance-cable divider. 

The resistance-capacitance divider is shown in Fig. 5. 
In this divider a capacitance coupling is made near the 
ground end of the regular discharge resistance, R2, of 
Fig. 5, to obtain voltage for the deflection plates of the 
cathode-ray oscillograph. The advantage accruing with 
this arrangement is that no special tap to the high volt- 
age terminal for the cathode-ray oscillograph is neces- 
sary. 

The electrical constants of this interconnection be- 
tween the discharge resistance and the deflection plates 
must be of such magnitude as will not disturb the true 
ratio of the discharge resistor as a voltage divider. The 
portion of the discharge resistor between the tap point 
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Fig. 5—RESISTANCE-CAPACITANCE VOLTAGE DIVIDER FOR 
CaTHoDE Ray OscILLOGRAPH 


and ground has a very low resistance, from 1 to 5 ohms. 
Currents of a few hundred amperes for the slow waves 
and several thousand amperes for the fast waves flow 
through this low resistance. The tap capacitors shown 
take about two-thirds of the tap voltage, leaving one- 
third for the deflection plates. The brass tube for elec- 
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trostatic shielding is about 5-ft long and 3-in. in diameter. 
Capacitance values of this circuit are all of the order of 
a few micro-microfarads, which capacitance connected 
across a resistance as low as one to five ohms in the dis- 
charge tube preserves a true voltage division. The re- 
sistors R; and R, are placed in the circuit to dampen its 
natural oscillation. 

Fig. 6 gives a series of oscillograms which show the 
performance of this type voltage divider particularly 
with regard to the integrity with which oscillations on 
the main wave are registered on the oscillogram and the 
effect of the damping resistors R; and R, of Fig. 5. 
Fig. 6A shows a calculated wave of an approximately 
(44-5) shape. The capacitance C; of Fig. 5 in this case 
consisted of an insulator string and measuring sphere 
gap in addition to the stray capacitance of the circuit to 
ground. This capacitance load was sufficient to cause an 
oscillation of some 8 per cent magnitude superimposed 
on the fundamental wave shape. Fig. 6B is an oscillo- 
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Fig. 6—PERFORMANCE OF RESISTANCE-CAPACITANCE DiviDER 


gram of this wave shape obtained with zero resistances 
at R; and Ry. The discharge circuit load oscillation is 
obscured on this oscillogram by a high frequency oscilla- 
tion of some 5 million cycles per second. Before taking 
the oscillogram of Fig. 6c 5,000-ohm resistors were 
placed at R,. The amplitude of the 5 million-cycle oscil- 
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lation is greatly reduced. The load oscillation of Fig. 6A 
is now very clear with about the proper amplitude. The 
insulator and sphere gap load were removed from the 
circuit and oscillogram 6D was taken. The load oscilla- 
tion is not present on this oscillogram and the low 
amplitude high frequency is still observable. In Fig. 6 
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Fig. 7—ReEsISTANCE-CABLE VOLTAGE DIVIDER 


a 1,300-ohm resistance was used at R; and the high 
frequency oscillation practically disappeared. This 
series of oscillograms demonstrates the importance of 
the damping elements in the deflection plate circuit and 
shows that the oscillations actually present on the test 
wave are registered with good integrity on the oscillo- 
grams. It is believed that for low voltage impulse testing 
in particular, where the oscillograph can always be 
placed very close to the discharge circuit this method of 
coupling is satisfactory. 

The arrangement of the resistance-cable divider is 
shown in Fig. 7. It consists of 20,000 ohms of resistance 
at the impulse generator end, and 50 ohms at the oscillo- 
graph end of a lead sheath cable. Both of these resis- 
tances are made up of resistance wire non-inductively 
wound on flat cards. The cable is 60-ft long and acts as 
a shielded lead from the lightning generator to the oscil- 
lograph. The 50 ohms to ground at the oscillograph end 
of the cable is equal to the surge impedance of the cable. 
As this resistance is decreased below the surge impe- 
dance of the cable reflections occur in the cable which 
tend to increase the magnitude of any superimposed 
oscillations and also to decrease the time to reach crest. 
As this resistance is increased above the surge impedance 
of the cable the superimposed oscillations are rapidly 
damped out and the time to reach crest is increased very 
appreciably. It is very necessary therefore to determine 
carefully by impulse methods the surge impedance of 
the cable. If this is not done and the desired value of 
impedance is not carefully maintained the calibration 
of the oscillograph deflection will not be the same on the 
(44-5) and the (1144-40) waves. In Fig. 8a and Fig. 8B 
can be seen the effect on the magnitude of a superim- 
posed oscillation when the resistance at the oscillograph 
end of the lead sheath cable is varied. By varying this 
resistance and holding the same voltage across the test 
piece, as measured by spheres, with both the smooth 
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wave (Fig. 8c) and the highly oscillatory waves, a value 
of resistance may be found which gives the same de- 
flection for both waves. When this value of resistance is 
used the wave shapes recorded check with wave shapes 
obtained with other types of dividers and also with the 
calculated wave shapes. Fig. 8D shows a (14-5) wave as 
taken with the resistance-cable divider. 

The 20,000 ohms at the lightning generator end of the 
cable was chosen to give the desired ratio. If this resis- 
tance is increased to a value much in excess of 20,000 
ohms a sloping off or lengthening of the faster front 
waves and a damping of superimposed oscillations are 
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detected. With the (14-5) and (1144-40) waves, no 
change in the wave shape can be noticed when the 
resistance is decreased below 20,000 ohms. This resis- 
tance is decreased below 20,000 ohms to reduce the ratio 
of the divider when desired. 

A somewhat special problem is involved when high 
overvoltages are being applied to the test piece, with the 
steepest front waves obtainable, and it is desired to 
measure the sparkover voltage with the oscillograph. It 
is necessary to decrease the divider resistance to far be- 
low 20,000 ohms in order that the ratio of the divider 
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does not change. This is due to the extremely high rate 
of rise of voltage at the time of sparkover on the front of 
the wave. 

Inductance in the divider will cause certain errors at 
exceedingly steep fronts. All precautions should be 
taken to secure a non-inductive resistance. If it is found 
impractical to secure a sufficiently non-inductive metal- 
lic resistor, a water tube resistor may be substituted. 
Another source of error in the divider is the presence of 
capacitance to ground. 

The presence of the cable will introduce an error if 
it is grounded through a resistance whose value is not 
equal to the surge impedance of the cable. The losses 
in the cable may also introduce an error where they are 
appreciable. However, these errors can be readily 
predetermined and in our work when they are appreci- 
able, they are taken into consideration. For experiments 
with circuits in which the resistances of the resistance- 
cable divider introduces appreciable error, a specially 
designed capacitance divider is used. 

In addition to a demonstration of integrity of regis- 
tration of wave shape on the oscillograph it is also neces- 
sary to show that the oscillograph deflection can be 
interpreted in terms of kilovolts. It has been the usual 
practise to refer the oscillograph deflection to sphere gap 
measurements of voltage across the test specimen. To 
assure confidence in test results this calibration must be 
taken as previously described on a fast and on a slow 
wave. With the same voltage divider and oscillograph 
connections the kilovolts per millimeter deflection on 
the (44-5) wave must check that obtained on the 
(114%4-40). This check has been obtained with both the 
resistance-capacitance type of divider and the resistance- 
cable divider. 

A specimen of data obtained during such an oscillo- 
graph calibration is shown in Table I. 


TABLE I—VOLTAGE CALIBRATION OF CATHODE-RAY 
OSCILLOGRAPH 


Impulse yolt- Oscillograph deflection 


Wave Type of voltage age kilovolts 

shape divider (corrected) Millimeters Ky/mm 
144-5 ...Resistance-capacitance....... BOO waaredt ce 47 6333... 4a ae 

144-40... Resistance-capacitance....... BOO se fe Aee ae AD) Be aiecs renee ces 
14-5 ...Resistance-cable... ......... DOS aden Supe ot 38.6 scasis ae 15.35 

134-40... Resistance-cable..c . 2.25.60 15 BOL conti Ske Et: fy Gees rear 3 5 


These data show that with properly constructed cir- 
cuits a consistent calibration may be obtained for differ- 
ent waves and voltage dividers. The necessity of making 
such tests and obtaining results which check are obvious. 

There are, of course, many factors concerned with the 
arrangement of parts and technique of operation of the 
generator, test specimen, sphere spark gap, voltage di- 
vider and cathode-ray oscillograph which make for in- 
correct data when they are not carefully considered. At 
present, space will not permit their consideration. At 
this time a most important problem is that of tabulation 
and presentation of data. 


TABULATION AND PRESENTATION OF DATA 


No satisfaction will be obtained throughout the field 
of impulse testing until the various laboratories are able 
to check results obtained in other laboratories. The 
most frequent stumbling block encountered in the 
achievement of this end has been that of inadequate re- 
cording and exchange of data. In an effort to improve 
this situation the authors of this paper wish to present a 
specimen tabulation, Table II, which they believe will 
assist greatly if adhered to. The specimen given is 
taken from a test on square rod coordination gaps. 
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sensitivity. A similar procedure performed with the 
test piece substituted for the sphere gap obtains flash- 
over values desired. Column 14 gives the deflection tap 
number as shown in Figs. 5 and 7 and column 15 the 
oscillogram number. Column 16 gives the impulse gen- 
erator excitation voltage for the rod gap flashover and 
column 17 the oscillograph deflection. The flashover 
voltage under test conditions is given in column 18. 
This value must be corrected to standard conditions of 
temperature, pressure, and humidity. Column 19 gives 
the temperature of the wet bulb. Column 20 the relative 


TABLE II—MINIMUM WAVE FLASHOVER OF COORDINATION GAPS ON POSITIVE POLARITY (4-5) WAVE 


Circuit calibration data 


Cathode-ray 


Coordination gap Measuring sphere gap oscillograph 
Cal. Impulse Atmos. Sphere 
Circuit Gap Sphere Gap curve generator Dry pressure Relative gap True Deflection Deflection 
rating spacing diameter setting voltage excit. volt- temp. cm air correction voltage total sensitivity 
kv in. cm em kv age volts °C Hg density factor kv mm kv/mm 
6Oinractern 6 UB aa ists wrenaneas SOK cies 16.4 BOO Wi caer iste AG rie Misigoul¥ 5 IC: Uae ae Th B3io 54. ae 1. O2tscesn. LOZ) Acsercare 408 - Sarees 2G fie ccvaveus LSet, 
Column numbers 
) ee or a ae eRe ae BE nee Sec A te bata Ler Bere Cacton Vi cores 6 SWF fee D> om siaystarere LO! giScaecee Dies deter MD Gievenste 13 
Gap test data 
Oathode-ray oscillograph Coordination gap corrections for standard conditions 
Content 
Content saturated Total 
Impulse Oscillogram Voltage Temp. saturated. air at correction Corrected 
generator deflection from wet Relative airatdry relative humidity flashover 
Deflection Oscillogram primary at crest oscillogram bulb humidity temperature humidity Humidity and air voltage Date of 
tap No. No, volts mm kv °C % gr/cu ft gr/cuft correction density kv test 
De arenes DOS 140 esier ees ei GW tues. a4 DONE ete mtcsteat 0: eee CeO tene Siena S22 Tas sane Me SSiceetchers TOSS: shane DL SOB cone ee ABD aitavs 3-9-32 
Column numbers ‘ 
5 UR Peon Stato VG ae scew ace 17 LS yetanies VO es dsceeie SO saci te oi Ger riae 7 alee PS Regt rc, ces 24. es, ee PAS MA 26 


It is granted of course that other forms of data pres- 
entation may be better adapted to other tests. The 
principal point is that the data should be as complete as 
shown in this table. The column headings are in most 
cases self-explanatory and the testing procedure is some- 
what apparent from the table headings and entries. Out- 
lining briefly, the columns, 1 and 2 describe the test piece, 
column 3 gives the diameter of the calibrating spheres, 
column 4 the gap spacing of the spheres, column 5 the 
standard flashover at 25 deg C, 76 cm pressure for this 
gap spacing. Column 6 gives the impulse generator ex- 
citation voltage for the gap flashover as described in 
columns 3, 4 and 5 but under prevailing test conditions 
rather than standard conditions. The voltage flashover 
of the gap must be determined by correcting column 5 
to test conditions. Columns 7 and 8 give temperature 
and pressure readings for making this correction and 
columns 9 and 10 give the correction factors taken from 
the accepted tables.!! Column 11 gives the true voltage 
obtained at sphere gap flashover. A cathode-ray oscillo- 
gram was obtained at this flashover voltage with the gap 
sparking at the crest of the wave. The maximum de- 
flection of the oscillogram is entered in column 12, and 
column 11 divided by column 12 gives the oscillograph 


humidity from columns 7 and 19 and a standard humid- 
ity chart. Column 21 gives the table value of moisture 
content of saturated air at temperature of column 7. 
Column 22 gives the moisture content of the air under 
test conditions. Column 23 gives the humidity correc- 
tion as obtained from column 22 and the following 
tabulation: 


HUMIDITY CORRECTION 


Add 125% for ( %-5 ) wave for each 1 grain/cu ft below 6.5 grains/cu ft 
“ 1.50% “ @ —10) “ “ “ 1 “ “« 6.5 “ 
“ 2.33 % “ ier 4-40) “ “ “ 1! “ “ 6.5 “ 


The above correction is subtracted for test values of 
humidity above 6.5 grains per cu ft. 

Column 24 gives the correction factor obtained by 
combining columns 23 and 9. Column 25 gives the final 
corrected flashover value at 25 deg C temperature 76 
cm of mercury pressure and 6.5 grains per cu ft humidity. 
Column 26 gives the date of test. 

Although vapor pressure in inches of mercury is 
mentioned in the A.I.E.E. Standards” as the unit of 
absolute humidity, it has become more common to ex- 
press absolute humidity in terms of grains per cu ft. 
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Present knowledge of variation of flashover with hu- 
midity does not indicate that either reference standard 
has more significance than the other. Either may be 
used by obtaining dry and wet thermometer readings 
and referring to existing tables. The accumulation of 
laboratory data on flashover and its study with reference 
to moisture weight and vapor pressure should permit the 
relative significance of each to be determined. 

A tabulation and presentation of data in arrangement 
and completeness at least as thorough as that given 
in Table II are necessary if satisfactory checks are to 
be obtained in several laboratories. 


CONCLUSIONS 


In concluding the authors desire to point out again 
the necessity of careful attention to discharge circuit 
arrangements, measurement of circuit constants, calcu- 
lation of discharge wave shapes and cathode-ray oscillo- 
graph checks. Great progress awaits the general adop- 
tion of this point of view. 

Sparkover voltage differences with the (14-5), (1-10) 
and the (1144-40) waves are believed to be more the re- 
sult of differences in the wavelength than in the wave 
front. By definition the waves differ by 8 to 1 in dura- 
tion and only 3 to 1 in front. Moreover, the waves do 
not rise uniformly to their crest values, but rise rapidly 
at first and a large proportion of the total length of the 
front particularly for the longer fronts is consumed in 
approaching the crest. The difference in the fronts is, 
therefore, even less than 8 to 1. 

The resistance-capacitance and the resistance-cable 
voltage dividers are shown to be satisfactory when 
properly arranged. A carefully adjusted value of cable 
impedance is required for the resistance-cable divider. 
It is shown that on a fast or slow wave the calibration of 
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the cathode-ray oscillograph deflection in kilovolts per 
millimeter can be obtained and will check with either 
type of voltage divider. 

The authors have recognized that an important cause 
of the disagreements between laboratories is the lack of 
uniformity and completeness in reporting results of 
impulse tests. A specimen table form which it is believed 
will at least suggest the lines along which reports should 
be made has been presented. 
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Discussion 


For discussion of this paper see page 553. 


The Measurement of High-Surge Voltages 


BY P. L. BELLASCHI* 


Associate, A.I.E.E. 


Synopsis.—With the application of surge tests to high voltage 
electrical apparatus, the question of the measurement of high-surge 
voltages has become a subject of prime importance. It is accord- 
ingly desired in Part I to show the practical work done in the 
laboratory at Sharon to calibrate the measuring devices, and in 
Part II to study the more interesting fundamental relationships 
that affect the operation and accuracy of these measuring devices. 

The methods of voltage measurement used are the resistance 
potentiometer, capacity potentiometer, and sphere gap. The poten- 
tiometers serve as dividers of the high-surge voltages for measurement 
at the cathode-ray oscillograph. The resistance potentiometer is a 
fundamental standard but requires consideration of its limitations 


for very rapid phenomena. In cases where these can be compensated 
for or are negligible, the resistance potentiometer method is very 
desirable. The capacity potentiometer is a secondary standard 
which can be calibrated. If corona and oscillations can be elimi- 
nated, it is a very desirable method of measurement, inasmuch as 
it is less subject to distorting the wave shape of the surge. The 
sphere gap is useful as a secondary standard for occasional check 
measurements, and it is of interest that formulas derived from 
smaller gaps still hold, as indicated by the check between the calcu- 
lated curve for the 200-cm sphere gap and the calibration points 


with the resistance potentiometer. 
Ser Soe YG Oe tee ee 


Part I—Laboratory Technique on Measure- 
ment of High-Surge Voltages 


METHODS OF MEASUREMENT 


HE measurements at the Sharon High-Voltage 

{i ® Laboratory are made by means of a cathode-ray 

oscillograph, using either a resistance or a capac- 

ity potentiometer. A sphere gap also is used to check 

the readings in some cases, and as a secondary or 
calibrated standard. 


DESCRIPTION AND CALIBRATION OF THE 
CATHODE-RAY OSCILLOGRAPH 


The type of cathode-ray oscillograph used has been 
described previously. A complete knowledge of the 
theory of the oscillograph is not essential, but an under- 
standing of its calibration and the sources of error is 
necessary in practical operation. For this reason, a 
brief description of the oscillograph is given, and the 
essential parts are shown in Fig. 1. It consists primarily 
of a glass tube, at one end of which the cathode is placed. 
At the other end of the tube, a perforated plate forming 
the anode filters the cathode-ray beam, which then 
passes between deflection plates in the main body of 
the oscillograph. It can be shown that any electro- 
static deflection of the cathode-ray beam is inversely 
proportional to the cathode voltage, and directly pro- 
portional to the field intensity between the plates.!2 
Therefore, it is essential in using the oscillograph to 
see that a constant cathode voltage is maintained and 
as the field intensity between the deflection plates 
depends on the voltage across the plates and their 
separation, and if the separation can be varied, care 
must be taken to keep the setting correct for any cali- 
bration, Except for the principle of operation, the 


*Westinghouse Electric & Mfg. Company, Sharon, Pa. 

1. For references, see bibliography. 

Presented at the Winter Convention of the A.I.H.E., New York, 
N.Y., January 23-27, 1933. 


cathode-ray oscillograph then does not differ in appli- 
cation from other types of measuring devices. It can 
be given an individual calibration and used with suit- 
able voltage dividers exactly as in the case of the more 
common type of oscillograph. 

In order to determine the calibration of the oscillo- 
graph alone, the arrangement of test shown in Fig. 1 
was made. Both negative and positive continuous 
voltages of different amplitudes were impressed on the 
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4+ ANODE 


TIME DEFLECTION 
PLATES 


VOLTAGE DEFLECTION 
PLATES 


PHOTOGRAPHIC FILM 


Fie. 1—Scuematic Diagram or LABORATORY SET-UP FOR 
VOLTAGE CALIBRATION OF CaTHoDE-Ray OsciLLOGRAPH 


Vc, cathode voltage 

Vp, voltage on deflection plates measured with static voltmeter (S.V.) 
D, separation of voltage deflection plates 

d, deflection on photographic film 


voltage plates. These voltages were measured by a 
calibrated static voltmeter, and the corresponding de- 
flections of the cathode-ray beam measured on oscillo- 
grams. These were scaled and the results tabulated, 
to determine the volts per inch deflection for various 
voltages and plate settings. The results of these tests 
showed that the deflections were proportional to the 
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voltage, and for the plate setting used in calibrating 
the resistance potentiometer, that 903 volts per inch 
deflection was obtained, over a test range from 819 to 
1,570 volts. A sample oscillogram taken during this 
calibration is shown in Fig. 2A. 


THE RESISTANCE POTENTIOMETER 


The oscillograph cannot be used directly at voltages 
of 1,000,000 and over used in the laboratory, but some 
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Fie. 2 


A. Oscillogram on calibration of voltage deflection plates of cathode ray 
oscillograph 

B-C-D. Oscillograms showing effect of resistance at terminal-end of 
cable on surge voltage at cathode ray oscillograph 


B. ‘‘Low resistance” terminal loading 

C. “High resistance’’ terminal loading 

D. “Correct resistance’’ terminal loading, i. e., terminal resistance equal to 
effective surge impedance of cable 
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Fig. 3—Puain ReEsistTANCE POTENTIOMETER CONNECTED TO 
CABLE 


Terminal-end of cable loaded with proper resistance and connected to 
voltage deflection plates of cathode-ray oscillograph 


type of voltage divider is necessary to obtain voltages 
of approximately 1,000 volts for measurement at the 
cathode-ray oscillograph plates. Further, this must be 
done in strict proportionality during any interval of 
time. One of the simplest means is the use of the re- 
sistance potentiometer, which is shown diagrammati- 
cally in Fig. 3. It consists of two resistances, generally 
connected by a cable.” It can readily be seen that if 
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the voltage is continuous, the potentiometer differs in 
no way from that commonly used for voltmeter stand- 
ardization and calibration. If very rapid transients 
exist and if the resistances have no distributed capacity 
and no self-inductance, the voltages still will divide 
proportionately, but it is necessary in order to avoid 
reflections at the oscillograph end of the cable lead, 
to have the surge impedance of the cable exactly equal 
to the resistance at the oscillograph. This is shown in 
Fig. 2, oscillograms B, C and D. However, if such 
potentiometers do have distributed capacity, they will 
not divide the voltage proportionally at all instants, as 
shown in Part II, and also as indicated by measure- 
ments. 

In addition to the errors caused by the distributed 
capacity in the resistance potentiometer, it was found 


Fig. 4—Oscittocrams SuHowine Errect or LENGTH 
CaBLE ON SURGE VOLTAGE AT OSCILLOGRAPH AND COMPARISON 
BETWEEN RESISTANCE AND Capacity PoTENTIOMETERS 


OF 


. Measurement with 500-ft cable (resistance potentiometer) 

. Measurement with 50-ft cable (resistance potentiometer) 

. Measurement with capacity potentiometer 

. Osecillogram of 200-cm sphere gap flashover. This oscillogram shows 
the desirability of using a long, flat wave for the calibration of the sphere 
gap (resistance potentiometer measurement) 


yaw> 


that some errors existed due to effects in the cable. It 
is therefore desirable to use cable with low distortion 
and loss effects, and, if possible, of short length. Illus- 
trative of this, oscillograms B and A in Fig. 4, show the 
effects in 50 feet of cable against those in 500 feet of 
cable for similar surges. With the type of cable used 
at Sharon, to make this error as small as possible, only 
42 feet of cable is used. 

The resistance potentiometer is not suitable for 
measurements in which the rate of change is more 
rapid than that to which the potentiometer circuit can 
respond. It does, however, have the great advantage 
of being a means of exact quantitative measurement 
for phenomena not too fast for its response. The 
resistance potentiometer at Sharon consists of non- 
inductive, wire wound, oil immersed resistors having a 
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total resistance of 34,000 ohms. The cable lead has a 
calculated surge impedance of approximately 44.4 ohms. 
The resistance at the oscillograph is 43.5 ohms, which 
is close enough to the true cable surge impedance to 
cause no apparent trouble due to reflection. Since the 
calibration of the oscillograph was 903 volts per inch, 
the calibration of the combined oscillograph and re- 


34,044 


ae Om or 707,000 


sistance potentiometer is 903 x 


volts per inch deflection. 


SPHERE GAP CALIBRATION 


The sphere gap has been used for some time as a 
standard of voltage measurement. It is, however, a 
secondary standard, depending upon fundamental 
calibration made originally by measurements of capac- 
ity and current.*? From studies of sphere gaps, it has 
been found that their calibration can be represented by 
formulas which differ slightly in the work of different 
observers. It was then possible to calculate the cali- 
bration of the sphere gap, and this was done. This 
work was desirable, since the gap at Sharon uses 200-cm 
spheres, for which no calibration had previously been 
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VOLTAGE CALIBRATION OF 200-CM 
SPHERE GAP WITH RESISTANCE 
POTENTIOMETER AND COMPARISON TO 
CALCULATED CURVE (A) 
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Fie. 5—Vourace CaLisraTION or 200-Cm SpHEeRE Gap WITH 
RESISTANCE POTENTIOMETER AND COMPARISON TO CALCULATED 
CURVE 

(Relative air density = 1.00) 


made. The calculation for the 200-cm sphere gap was 
made by using the 25-cm sphere gap calibration* and 
increasing the voltage and spacing scales proportion- 
ately to the sphere diameters, and further correcting 
for the sparking gradient for the two spheres by the 


*Similar calculations of the 200-em sphere gap from the present 
A.J.E.E., 12.5-em, 50-em and 75-em sphere gap ealibrations 
were made, with resultant small percentage variations from the 
ealeulated curve here shown. The 25-em sphere gap calibration 
was used, as this gap was the one originally calibrated by funda- 
mental measurement. 
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0.52 
proportionality relationship: ( 1+ Aer ), where a is 


the radius of the spheres in cm. It was thought possi- 
ble that the extrapolated sphere gap calibration might 
not be correct; also that the calibration at low fre- 
quency might not be accurate for surge voltages, since 
the laws of the gap as established by the formula might 
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Fig. 6.—VertTIcAL Cross-SECTION OF LABORATORY SHOWING 
Meraut CyLinpEerRS or Static SHIELDS oF Large Rapius TO 
ELIMINATE CoRONA IN SPACE ADJACENT TO PicK-UP oF ee 
POTENTIOMETER 


be changed due to the effect of the surges and also due 
to their polarity. For these reasons, a check was made 
between a fundamental calibration with the resistance 
potentiometer and the calculated calibration. 

In order to avoid any possible error due to time lag 
in either the sphere gap or the potentiometer, relatively 
long, flat-topped waves free from oscillations were 
employed (1 to 114-40 waves). Both positive and 
negative surges were used. Both the points obtained 
by the resistance potentiometer calibration and the 
calculated calibration are shown in Fig. 5. A sample 
calibration point is shown on the oscillogram D, Fig. 4. 
The voltage by sphere gap flashover and the calculated 
sphere gap calibration indicated 902,000 volts. The 
deflection of the oscillogram is 1.26 inches, correspond- 
ing to 707,000 by 1.26, or 891,000 volts, which checks 
within 1 per cent. Another sample calibration point 
shown on oscillogram B, Fig. 12, checks within a small 
fraction of 1 per cent. 

This work indicates that the potentiometer and 
oscillograph readings check the sphere gap indications 
for waves of duration not too short, and also that this 
is independent of polarity. Variations from this are 
found when the phenomena are very fast and the re- 
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sistance potentiometer cannot respond, or the sphere 
gap shows time-lag characteristics. 


THE CAPACITY POTENTIOMETER 


The capacity potentiometer, as its name implies, de- 
pends on the oscillograph measuring the voltage across 
a component of capacity. The voltage is here divided 
inversely as the capacity components. It has certain 
advantages; for example, it eliminates almost all error 
due to time delay in response, which is present in the 
resistance potentiometer, but it is difficult to eliminate 
inherent oscillations, and care must be taken to keep 
the capacity relations unchanged. It is used in Sharon, 
because, due to arrangement of the laboratory, these 
difficulties could be practically overcome; full advantage 
of its rapid response could be taken; and because of 


Fig. 7—Surce GENERATOR, 200-CmM SPHERE GAP AND SHIELDS 


its desirability where transformer power follow tests 
were being made, to avoid power currents causing 
damage to the potentiometer. 

The arrangement of the parts at Sharon is shown in 
Fig. 6 and is illustrated in Figs. 7 and 8. Other ar- 
rangements have been used where the capacities were 
self-contained, but for lower voltages, and similar 
arrangements have been and are used in surge distri- 
bution tests on transformer windings, where no great 
difficulty is experienced if all leads are carefully shielded. 
For high voltage, it is more difficult to provide a 
separate self-contained potentiometer, and a pick-up 
as shown in Fig. 6 is used to provide the necessary 
coupling. 

The calibration of the capacity potentiometer was 
made by taking oscillograms of similar waves by the 
use of both resistance and capacity potentiometers. 
The calibration was made using a relatively long, fiat- 
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topped wave, as in the case of the sphere gap calibra- 
tion. The results obtained are shown on Fig. 9. 

This calibration is quite interesting, inasmuch as it 
indicates a linear calibration in volts per inch for the 
negative waves, but that the deflection increased more 
than proportionately for the higher positive waves. 
Also, it was found that on flashover, the negative wave 


Fig. 8—Picx-Ure ELemMEentT or Capacity PoTENTIOMETER 


always came to the zero line, whereas the positive waves 
did not indicate a complete collapse to zero. These 
phenomena are shown on the oscillograms, Fig. 10. A 
previous calibration of the potentiometer, when no 
special provisions were made to eliminate corona, is 
shown in Fig. 11. In this case, the variation from linear 
calibration seemed excessive and an effort was made to 
improve the situation. It is of interest to note that this 
calibration was made over a period of three months, 
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Fig. 9—CaLipraTION oF Capacity POoTENTIOMETER OB- 
TAINED AFTER INSTALLATION OF STATIC SHIELDS OF LaRGE 
Rapius; Static SHIELDS LocaTED As SHOWN IN Fic. 6 


and does indicate the constancy of the calibration. 
The discrepancy between positive and negative waves 
was also found in measurements similarly made in 
Trafford. It was early believed that the phenomena 
were due to space charge and in turn due to corona. 
It was accordingly decided to install metallic cylinders 
or shields of large radius, with a view to eliminating 
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this space charge in the immediate vicinity in coupling 
relationship with the pick-up element. How successful 
this was is shown by a comparison of the calibration 
curves in Figs. 9 and 11. The arrangement of the 
shields is shown dotted in Fig. 6. An explanation of the 
effect of space charge within the scope of this paper 
is given in Part II. 

The successful development of the capacity poten- 
tiometer was of advantage because it permitted more 
accurate reproduction of extremely short surges. A 
sample comparison of identical surges using the re- 
sistance and capacity potentiometers is shown in oscillo- 
grams A, B and C of Fig. 4, and in oscillograms A and 
B (Fig. 12) at the flashover of the sphere gap. Its 
other advantage is its freedom from damage due to 
transformer testing with dynamic power connected. 
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Fic. 10—OscituoGRaMs oF PosITIVE AND NEGATIVE SURGES 


A and B. Taken with no static shields (see Fig. 6) 
C and D. Taken with static shields*(see Fig. 6) 
R P. Resistance potentiometer measurement 
C.P. Capacity potentiometer measurement 


Part II]—Theoretical Considerations on 
High-Voltage Surge Measurement 


SURGE CHARACTERISTICS OF RESISTANCE 
POTENTIOMETER 


The circuit in Fig. 3 represents correctly the equiva- 
lent circuit of the resistance potentiometer provided 
the maximum rate of application of the surge voltage 
E with respect to time does not exceed a given limit. 
It is the purpose here to analyze the maximum surge 
voltage variation that can be recorded accurately with 
resistance potentiometers. 

The general circuit diagram of the resistance poten- 
tiometer is given in Fig. 13. A non-inductive resistance 
is shown, as the inductance is small and is of secondary 
importance in the practical problem at hand. A. uni- 
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formly distributed resistance-capacity network will 
first be considered, where: 


N = total number of resistance elements 

R = resistance of each element 

C, = capacity of each element to ground 

C., = capacity across each element 

Cp NCES C2/NiR, = NE 

E = rectangular surge voltage applied at time t = 0 

m = number of resistance elements from ground end 
eé = voltage across then n elements 


p = Heaviside’s operator d/dt 
The response of this network is expressed operation- 
ally® as 
RC pad Pp 
ana Vs E 
e= ‘Bie Fr 


sinh a 
\ 1+ RC.p 


From the Heaviside expansion theorem, the roots may 
be found by equating F'(\) to zero, which gives 


i ROG ee 
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k? 7? 
and A = — R.C, +r Coates = 125098 
The steady-state voltage is given as the 
in 2 eee 
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and the coefficients of the transient terms are derived 
from 

hos RCN 
NT ROO 


2 sinh oe RC, 
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cosh 


A= FO) = 


Then, from 
Hue i qian cinta ane ae 
COs. 4] T = COS 7? and sin if) hi N => ij sin T N 


and the above expressions, substitution in the expansion 
theorem gives the final solution: 
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Representative values of the circuit constants R,, 
C, and C, inserted in equation (1) give the voltage-time 
curves of Fig. 14. These characteristic curves show 
that if potentiometers are to respond rapidly to abrupt 
surge voltages, they must have relatively low resistance 
and small ground capacity. This is also shown in 
Fig. 15 (A and B), where calculated curves of response 
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Fie. 11—Caisration or Capaciry PorENTIOMETER WITH- 
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Laboratory arrangement without static shields (see Fig. 6) 
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A and B. Further comparison of oscillograms using resistance and Cca- 
pacity potentiometers 

A. Capacity potentiometer measurement, one of the oscillograms show- 
ing flashover of 200-cm sphere gap 

B. Resistance potentiometer measurement showing flashover of 200-cm 
sphere gap 

C and D. Flashover of positive surges showing the subsistence of the 
positive space charge for hundreds of microseconds after the collapse of the 
surge voltage 


are compared with two typical fast surges. 
crepancies, as indicated, between fast surges to be 
measured and the recorded oscillograms have been 
observed in the laboratory when resistance potentiom- 
eters have been used. 

In practise, the undesirable effect of ground capacity 
can be materially reduced by locating the potentiom- 
eter in a uniform electrostatic field. In the labora- 
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tory this can be accomplished by locating the poten- 
tiometer resistance in close proximity to the surge 
generator and extending uniformly to its full height, 
inasmuch as the voltage distribution from earth to the 
high potential terminal of the surge generator is prac- 
tically uniform. It should also be observed that the 
resistance potentiometer should be connected to the 
sphere gap through as short a conductor as is physically 


HIGH POTENTIAL END 


GROUND 
Fig. 13—Circuir or REsIstaNCE POTENTIOMETER 


(Resistance-capacity network) 


possible. This method has been used successfully at 
the Sharon Laboratory, and a degree of response even 
closer than illustrated in curve A of Fig. 14 has been 
obtained. This is shown by comparing oscillogram 
B in Fig. 12, illustrating a sphere gap flashover measured 
by the resistance potentiometer, with oscillogram A, 
which shows a similar flashover measured with the 
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capacity potentiometer. It will be noted that oscillo- 
gram A shows the voltage collapsing immediately 
upon flashover, whereas in oscillogram B the collapse 
of voltage would appear to require approximately one 
quarter of a microsecond. Even this is unusually good 
response for resistance potentiometer. In fact re- 
sistance potentiometers as used at Trafford and Sharon 
are entirely satisfactory for time-lag curve determi- 
nations. 
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As shown in Fig. 3, the high resistance component 
of the resistance potentiometer connects at its low- 
voltage end through a cable terminated by a resistance. 
The voltage plates of the cathode-ray oscillograph 
connect across the terminal resistance. It was stated 
in Part I that the terminal resistance must be closely 
adjusted to a value equal to that of the effective surge 
impedance of the cable, otherwise reflections are super- 
imposed on the surge measured. Theratio of the volt- 
ages er’ and ey, which correspond respectively to re- 
flection and to no reflection at the terminal-end resis- 
tance, is readily derived and is given by the expression: 


er’ 2Z 
Rr t+Z 


(2) 


eT 


Referring to Table I, the experimental results may 
be compared to calculated values: 


TABLE I 
Film Rr er’ /evT 
(Fig. 2) (Ohms) Calculated Exper 
Be poelera en ee BD ke Sore Pee ONG Die U7 A crac cuca 1.16 
(OR Are be BG wera tion eer N88 .c carrie .88 
DD Ssroyateeterey scctalte CS EE eG Pec PRAT) U oma elo ciclo 1.00 


Comments: Z = 44 (experimental) and Ro = 34,000 ohms. 
Z = 44 approx. (calculated). 

Length of cable 500 ft. 

Time of propagation in 500 ft of cable approximately 1 usec. 


As indicated in equation (2) and Table I, it is essen- 
tial that Rr = Z for complete elimination of reflections. 
With a short length of cable of proper characteristics, 
distortion and attenuation even of steep fronted surges 
may be reduced to a negligible amount. 


SURGE CHARACTERISTICS OF CAPACITY POTENTIOMETER 


Fig. 6 gives the physical set-up of the capacity 
potentiometer as used at the Sharon High-Voltage 
Laboratory for the purpose of surge voltage measure- 
ment. It is very desirable that the pick-up element of 
the potentiometer be located in an electrostatic field 
such that its potential be invariably directly propor- 
tional to the surge generator voltage measured irre- 
spective of the amplitude of surge voltage, the polarity 
of surge voltage, or other effects due to ground. 

The theory of the effect of the amplitude and polarity 
of surge voltages on the operation of the capacity poten- 
tiometer is simply and best explained in Fig. 16. Re- 
ferring to Fig. 164, where both h and r are here con- 
siderably smaller than d, the potential at point p is for 
practical purposes simply expressed as:’ 


(3) 


The factor a may be termed the reduction ratio of 
the capacity potentiometer. As shown in Fig. 16c, 
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this coefficient remains constant provided the equal 
and opposite electric charges remain confined exclu- 
sively to the equipotential surfaces of the electrodes. 
In case the voltage V exceeds a critical value V,, over- 
stress at the surface of the conductor occurs and elec- 
trical breakdown of the air adjacent to the conductor 
takes place.’ The electrical charge then becomes partly 
confined to the surface of the conductor and partly 
distributed as a space charge in the ionized air adjacent 
to the conductor, increasing the effective radius. 

Fig. 17 illustrates the electrical breakdown in the 
highly stressed region in the air adjacent to the con- 
ductor electrode. It is necessary to distinguish between 
positive and negative surge voltages. Voltages that 
exceed the disruptive critical voltage V, are considered. 

In the case of a positive surge V applied between 
conductor and ground, a positive electrostatic field is 
established in the dielectric, and thus a positive poten- 
tial is recorded at p. Up to the potential V., for which 
the gradient at the conductor does not break down the 
air adjacent, the voltage v, bears a linear relationship 
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to the surge voltage V. As the potential V exceeds the 
disruptive critical voltage V., the gradient at the con- 
ductor exceeds the ionizing gradient and thus electrical 
breakdown of the air takes place. As the result of 
ionization of the air at the conductor, positive ions and 
electrons are generated. Under the action of the re- 
sultant electrostatic field, the electrons move to the 
conductor. The mobility of electrons is of a much 
higher order than the mobility of positive ions, so that 
in a fraction of a microsecond the electrons travel 
towards the conductor, while on the other hand, the 
more sluggish positive ions remain practically station- 
ary even for much longer intervals of time. The 
phenomena, as the surge voltage V rises and exceeds 
the critical disruptive value V,, consist, as it were, of 
positive ion streamers forming and spreading out 
radially from the conductor and electrons moving in 
rapidly along the streamers to the conductor, as shown 
in Fig. 17A._ Upon collapse of the positive surge, as 
shown dotted in Fig. 17c, the conductor assumes ground 
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potential through the surge generator circuit. A resid- 
ual electrostatic field at p subsists, which depends on 
the amount of the positive space charge and the effec- 
tive capacity of the space charge to the conductor and 
to earth respectively. 

Experimental results with the capacity potentiom- 
eter, Fig. 6, show that without conductors of large 
radius the residual voltage recorded with positive 
surges is in the order of 10 per cent of the total voltage 
(oscillogram A, Fig. 10). So that, from the fact that 
the capacity of the space charge to the adjacent con- 
ductor surfaces is large relative to its capacity to earth, 
it stands to reason that for high voltages considerably 
exceeding the disruptive voltage V., a large percentage 
of the charge at the conductor is out in space. The 
positive space charge subsequently disappears through 
conduction to conductor and ground, recombination 
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A. Voltage vp at point (p) as function of effective radius (r) of conductor, 
spacing (d) between conductor and earth, and small distance (h) above 
earth: V, surge voltage applied between conductor and earth 

B, Effective radius of conductor as function of surge voltage V above 
disruptive critical value Vo and of polarity of surge voltage V: the variation 
of the effective radius with the amplitude and polarity of the surge voltage 
is based on approximate and simplifying assumptions—however, the strik- 
ing similarity of the calculated curves (c) to the calibration curves in Fig. 11 
is noteworthy 

C. Calculated curves of voltage vp as function of surge voltage V and of 
polarity of V 


with stray electrons, diffusion, etc., in a time measured 
in hundreds of microseconds. Oscillograms C and D, 
Fig. 12, give the flashover of positive surges and also 
measure the residual voltage for three to four hundred 
microseconds after flashover. It should be noted, 
however, that the collapse of the residual voltage in 
these films is due partially to the leakage resistance 
across the voltage deflection plates of the oscillograph. 

The case of the negative surge V is illustrated in 
Fig. 178. Above the disruptive critical voltage V., 
positive ions and electrons are generated in the air 
adjacent to the conductor. Under the repelling force 
of the negative charge on the conductor, and due to 
their rapid mobility, the electrons move out to the 
periphery, and a positive space charge is established 
between the conductor and the negative space charge. 
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Thus equal positive and negative space charges are 
established so that the electrostatic field set up at p 
cannot be appreciably affected by the presence of the 
space charges. This is shown in the calibration curves 
of the capacity potentiometer for negative surges, 
Figs. 9 and 11. Upon the collapse of the negative 
surge, the voltage recorded drops closely to zero, as 
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Fie. 17—Positive anp NeGativE Surces Excrerpine Dis- 
RUPTIVE CRITICAL VOLTAGE V, APPLIED BETWEEN CONDUCTOR 
AND EARTH 


A. Schematic representation of the formation of space charge with posi- 
tive surge applied to conductor and surge exceeding disruptive critical 
voltage Vo 

B. Schematic representation of the formation of space charge with nega- 
tive surge applied to conductor and surge exceeding disruptive critical 
voltage Vo 

C. Wave of surge voltage V applied between conductor and earth: 
dotted line indicates collapse of surge voltage between conductor and earth 
to zero 
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Fig. 18S—EqvuivaLent Circuit or Capacity POoTENTIOMETER 


Ci, capacity of pick-up element to the high potential end or electrode 

C2 + C2, combined capacity to ground of lead connecting pick-up element 
to oscillograph, of the pick-up element and of the deflection plate con- 
necting to lead 

L, inductance of lead connecting pick-up element to oscillograph 

R, resistance shunted across deflection plates 

Approximate values of circuit constants; 
C: = 0.06 wut: C2 = 40 upf: LL = 14H: R = 9 megohms 


the positive and negative space charges counteract 
each other in a large measure. Oscillograms B and D 
of Fig. 10 substantiate this point. - 

The above interpretation is in agreement with the 
corresponding experimental results reported, and also 
with the recent work of other investigators on the 
phenomena of surge corona and surge voltage break- 
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down in air.’ The findings here reported bear out 
some of the fundamental relationships of surge corona; 
however, further discussion lies beyond the scope of 
this paper. The practical results reached bring out 
emphatically the necessity of large radii of curvature 
for all parts at high potential particularly those parts 
closely coupled with the pick-up element of the capac- 
ity potentiometer. 

A second consideration of the capacity potentiom- 
eter follows: 

It is desirable that the capacity potentiometer 
measure the potential of the generator to the generator 
ground. To this end it is essential that the surge im- 
pedance of the entire housing to the generator ground 
(see Fig. 6) be so small that at the instant the surge 
potential collapses, the charges of the generator neu- 
tralize simultaneously the opposite charges on the 
generator ground and on the housing so as to maintain 
the housing at all times at the potential of the generator 
ground. In case the time constant of the circuit of 
the metal housing to generator ground is appreciably 
relative to the rate of collapse of the generator poten- 
tial, there is a delay in the rate the charges bound on 
the housing are neutralized, and there results a poten- 
tial between parts of the housing and ground. These 
bound charges in turn induce a potential on the pick-up 
element; oscillations also take place. To eliminate 
such effects to a minimum, particular care was taken 
to see that all conducting parts adjacent to the pick-up 
element of the potentiometer were intimately con- 
nected to constitute an integral part of the true gen- 
erator ground. 

Next to consider is the question of response of the 
capacity potentiometer. In Fig. 18 is represented the 
equivalent circuit of the capacity potentiometer. The 
natural period of oscillation of this circuit is in the order 
of a few hundredths of a microsecond; therefore the 
capacity potentiometer is capable of responding to 
very fast surges of this time order. A resistance r of a 
few hundred ohms or less inserted in the lead connect- 
ing the pick-up element to the oscillograph would 
prevent any natural tendency of the lead inductance 
to oscillate with the combined capacity to ground of 
the lead proper, of the pick-up element and of the 
deflection plate connecting to the lead, but this pre- 
caution is necessary only in the case of extremely fast 
surges of a time duration approaching the natural 
oscillation of the lead. The purpose of the very large 
resistance R is to leak off to ground any extraneous 
charges that would otherwise accumulate across the 
deflection plate connecting to the lead. In this way 
the deflection plates are kept in proper condition for 
surge measurement. This resistance, if not sufficiently 
large, however, may also neutralize the charges induced 
on the plates by the surge measured. The rate at 
which equal and opposite charges on the plates are 
neutralized is given by the time constant 2C. x R, 
which in this case is in the order of several hundred 
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microseconds. Therefore, the capacity potentiometer 
is capable of responding to extremely abrupt surges 
in the order of hundredths of a microsecond and, be- 
sides, it can respond in strict inverse proportionality 
of the capacity components even to the very longest 
surges that are of engineering importance both in labora- 
tory investigations and in commercial surge tests. 
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Discussion 


LABORATORY MEASUREMENT OF IMPULSE 
VOLTAGES 
(DowrELL AND Foust) 
THE MEASUREMENT OF HIGH-SURGE VOLTAGES 
(BELLASCHI) 
P. L. Bellaschi: 
Critique on Meruops or MrASUREMENT OF SURGE VOLTAGES 
The two papers on surge voltage measurement give the 
methods followed in each of two groups of laboratories. In view 
of the importance of the subject and the urgent necessity for 
establishing surge voltage measurement everywhere on a funda- 
mental basis, it is well to compare in considerable detail the two 
methods described. 
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In the development of methods of surge voltage measurement 
at the Sharon High Voltage Laboratory and also at Trafford, 
the surge voltage generated and applied to the test piece or 
apparatus tested has been caleulated. The method of calecula- 
tion is fully discussed in a paper presented before the Institute 
in June 1932, and the determination of the surge generator con- 
stants, constants of apparatus tested, etc.,is given in detail in 
the closing discussion of the same paper!. 

For the purpose at hand let us consider, for example, the case 
when the surge generator is set up to test point gaps or insulator 
strings with approximately a %-5 microsecond wave. The 
constants of the surge generator circuit and of the test piece are: 
C;, capacity of surge generator 
L,, inductance of discharge circuit of surge generator 
R,;, combined inherent and inserted resistance in surge generator 
Cy, combined stray capacity of surge generator and capacity of 

test piece 
R, load resistance of surge generator 
E voltage to which surge generator capacity is charged initially 

In the left-hand column of Fig. 1 in section A is given the 
equivalent circuit for one arrangement of the surge generator and 
test piece, and immediately below are tabulated the numerical 


1. Characteristics of Surge Generators for Transformer Testing, by P. L. 
Bellaschi, A.I.E.E. Trans., December 1932, p. 936. 
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values of the circuit constants. From the cireuit in section A 
and its complete solution'!, the surge voltage applied to the test 
piece is expressed by the equation in section B. This equation 
is in terms of the initial voltage # and of time ¢ in microseconds; 
it is plotted in curve C. For the purpose of comparison the 
measured voltage is given below, oscillogram Q. The voltage in 
oscillogram Q is measured by the method described in the paper 
by the writer. 

In the surge generator test-cireuit shown in the left-hand 
column of Fig. 1, the inserted resistance R, was insufficient to 
dampen completely the oscillation superimposed on the ex- 
ponential component of the wave, and therefore this resistance 
was increased to the appropriate calculated value, given in A 
in the right-hand column. Thus a smooth wave was obtained. 

In such ealeulations full cognizance must be taken of all of the 
constants of the surge generator circuit and of the test piece or 
apparatus tested. This is essential if close agreement, as shown 
in the two examples in Fig. 1, is to be expected between calceu- 
lated and measured surge voltages. But even with these pre- 
cautions and care, one will note that as a fundamental method, 
the caleulated surge voltage depends on the correct determina- 
tion of the initial voltage # across the surge generator capacity 
and on accurately established cireuit constants for the entire 
surge generator and load; and further, that the circuit constants 
must for the sake of practical calculation be considered as 
lumped. We have used successfully the complete method of 
calculation for determining the surge voltage generated, but the 
purpose of this calculation is primarily to give further assurance 
and control over the correct operation of the circuits and is not 
intended to serve as a fundamental method of surge voltage measure- 
ment in itself. 
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The laboratories at Trafford and Sharon base the measurement 
of surge voltages on inherently fundamental methods. The paper 
presented by the writer describes the method. The resistance 
potentiometer as used in these laboratories responds with 
fidelity (both as to wave form and as to constant reduction ratio) 
to the laboratory waves of 14-5, 1-10, and 114-40 microseconds. 
The reduction ratio of the resistance potentiometer is readily 
ealeulated from its resistance components. For still more rapid 
surges than the proposed standard waves, the capacity po- 
tentiometer described in the paper by the writer finds useful 
application. It is of interest to know that the Sharon and 
Trafford laboratories, each working independently on the time- 
lag determination of point-gaps, insulator strings, ete., using 
similar surge waves and methods of correction for air density 
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and humidity, have arrived within experimental error at the 
same results. 

The method of measurement deseribed in Messrs. Dowell and 
Foust’s paper is based on the ealculation of the surge voltage 
from the surge generator circuit and on the sphere gap measure- 
ment of the surge voltage crest. The authors lean considerably 
on Mr. Peek’s work. Mr. Peek in his papers? calculates the surge 
voltage generated from the surge generator constants C;, Ls and 
R, and from the initial voltage H. In fact, by this method in 
1915, Mr. Peek calibrated the 25-em sphere gap to impulse 
voltages up to 8-em gap spacing, and since this calibration 
apparently checks the 60-cycle calibration he assumed the 60- 
eycle and impulse calibrations as identical up to the full diameter 
spacing of the sphere gap*. In 1929 Mr. Peek gave the spark- 
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over curve of the 100-cm. sphere gap and the corresponding 
lightning generator constants (C,, L; and R). On the basis of 
these calibrations Mr. Peek and his associates have insisted up 
to the very present on the use of the sphere gap virtually as a 
primary standard in surge voltage measurement, accepting the 
present A.I.E.E. calibration curves as applicable to surge voltage 
measurement. 

Now, in the first place, we must bear in mind that in any at- 
tempt to calculate the surge voltage from the surge generator 
eireuit and from the initial voltage H, at least the refinements 
outlined in the paper! previously mentioned are necessary in 
order to obtain reasonably correct results, more so if an attempt 
is made to calibrate sphere gaps to surge voltages from such 
ealeulation. We note from Fig. 1 in the paper by Messrs. 
Dowell and Foust that the surge generator circuit and load are 
actually being considered now more fully than their associates 
have done in the past. This is a step in the right direction, as it 
can be seen that from this circuit the calculated voltage is in 
accord with the recorded oscillogram (see Fig. 6 of the paper by 
Messrs. Dowell and Foust). However, if the use of the sphere 
gaps to measure surge voltages is insisted upon—as Messrs. 


2. The Effect of Transient Voltages on Dielectrics, A.J.E.E. Trans., 1915, 
p. 1857. 

Lightning—Progress in Lightning Research in the Field and in the Labora- 
tory, A.I.E.E. Trans., 1929, p. 436. 

3. A.I.E.E. Trans., Vol. XXXIV, Part II, p. 1870, Fig. 9; also bottom 
of p. 1916. * 
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Dowell and Foust and associates do—then the sphere gaps 
should be ealibrated originally against a true fundamental 
standard rather than rely for their surge voltage calibration on 
the round-about method of doubtful rigor stated in the pre- 
ceding paragraph. The resistance potentiometer, as well as a 
properly dimensioned capacity potentiometer, for example, 
lends itself inherently as a fundamental device for such calibra- 
tion. It ts recommended, therefore, that sphere gap calibrations 
against a fundamental standard be used in the future and that the 
limitations of sphere gaps be clearly set forth when these are used 
as a standard for the measurement of surge voltages. 


CALIBRATION OF SPHERE GAPS TO SURGE VOLTAGES 


The calibration of the 200-em sphere gap has already been 
fully described in the paper by the writer. As a further exam- 
ple, the following describes the calibration of the 25-em sphere 
gap by the same fundamental method, that is, by the use of the 
resistance potentiometer. 

The following observations are worthy of note: The calibra- 
tion of the 25-em sphere gap was made on two individual sphere 
gaps, in two separate laboratories, by different operators and at 
different times. Short and long wave surges of positive and 
negative polarities were used in the calibration. Sample oscillo- 
grams of calibration points, including flashovers of the sphere 
gap, are given in Fig. 2. The results of the calibration are plotted 
in Fig. 3, where each point represents in general two consecutive 
oscillograph measurements. 

The 25-em sphere gap was next calibrated to a surge voltage 
wave somewhat resembling one loop of a 100-microsecond. (10 
kilocyeles) sinusoidal oscillation. This wave rises to crest value 
in 25 microseconds and recedes to half crest value in approxi- 
mately 50 microseconds. Sample oscillograms of calibration 
points and of sphere gap flashovers are shown in Fig. 4. In Fig. 
5 are plotted the calibration points obtained with this wave. It 
may be observed that the purpose of this wave was to calibrate 
the sphere gap to a surge voltage approaching in effect a single 
loop of the low frequency commercial voltage (60 cycle). 
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The calibration points in Figs. 3 and 5 fit a calibration curve 
which coincides with the present standard A.I.E.E. curve up to 
approximately 8-cm gap separation but rises well above the 
A.J.E.E. curve for the wider separations. 

The effect of ground and adjacent bodies on the sphere gap 
calibration was also investigated. Briefly: it is desirable to 
space the sphere gap at least several sphere diameters from 
vertical bodies; the grounded sphere may be spaced one to several 
sphere diameters above ground with no appreciable effect on 
calibration; the sphere gap behaves erratically at the very wide 
separation of one sphere diameter, in fact, it is reeommended 
not to use it at gap separations greater than one-half sphere 
diameter. 
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Fig. 6 bears out a point of further interest in the fundamental 
calibration of the 25-em sphere gap. This plot gives the rela- 
tion between the deflection on the film due to the resistance 
potentiometer and the corresponding deflection due to the ca- 
pacity potentiometer. The capacity potentiometer is identically 
the same as described in the paper by the writer, except that in 
the present case a pick-up element of greater sensitivity was 
used (2.00-inch deflection with capacity potentiometer corre- 
sponds closely to 540 kv). The plot in Fig. 6 confirms the straight 
line relationship between the surge voltage measured with the 
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resistance potentiometer and the stepped-down voltage measured 
at the oscillograph. The resistance potentiometer used is ap- 
proximately 10 feet in length and has a total resistance in the 
order of 10,000 ohms; this potentiometer responds rapidly even 
to surges of a fraction of a microsecond duration. 


CONCLUSION 


The first logical step in an attempt to compare results be- 
tween the various laboratories is to establish universally funda- 
mental methods of measurement. Comparison of results be- 
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tween different laboratories would then have more significance, 
apparent differences would be eliminated, and thus the probabili- 
ties of a closer agreement enhanced. To this end we recommend 
the resistance potentiometer as the fundamental standard. Sphere 
gaps if used in surge voltage measurement should be checked for 
their calibration against the fundamental standard. Calculation 
of the surge voltage from the surge generator test-circutt is useful for 
control purposes but inadequate as a fundamental method of surge 
voltage measurement. 

L. V. Bewley: The essential elements of an impulse testing 
set-up are represented in Fig. 7. To develop a proper technique 
for handling such a complicated circuit, sensitive as it is to 
errors, is a problem of no mean proportions. Those who have 
earried on the work have been faced constantly with a multi- 
plicity of vexatious and aggravating problems, among which 
may be mentioned:. 

1. The wilful idiosynerasies of the cathode-ray oscillograph, 
which entitles it to be called the prima donna of electrical 
measuring devices. 
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Fig. 7—EqQuivaLent Crrcuitjor Impuiss Testing EQuipMENT 


I. C = Generator capacitor units, arranged to be charged in parallel 

and discharged in series 

G = Leakage conductance of charging resistors and over-generator 
frame (permits leakage of charge) 

LL =TInherent inductance in generator circuit (retards wave front 
and causes oscillations) 

r= Inherent resistance in generator circuit (retards wave front, 
but not appreciably) 


K = Terminal capacitance due to gaps, leads, etc. 
II. 2, = Inductance to retard wave front or to introduce oscillations 
R, = Resistance to control front of wave | Depending also on I and 
R» = Resistance to control tail of wave III 
Ill. C’ = Effective capacitance of test piece (affects voltage crest ap- 
preciably, depending on I and II) 
L’ = Effective inductance of test piece (affects wave tail appreciably 
and introduces oscillations) 
Sphere gap (measures voltage crests, except for extremely 
short time-lags) 


IV.. 


Ro = Resistance of divider Determine voltage reduction 
Z = Surge impedance of divider 
R =Z = Cable grounding resistor (potentiometer for C.R.O. 


R = Z prevents reflections) 
CRO = Cathode-ray oscillograph 


2. Shielding against extraneous electrostatic and electro- 
magnetic fields. 

3. Elimination of undesirable oscillations. 

4. Securing good fixed grounds common to the complete 
equipment. 

5. Evaluation of the effects of barometric pressure, humidity, 
temperature. 

6. Calculation and predetermination of wave shapes. 

7. Determination of the errors in the measuring devices. 

The present papers by Foust and Dowell, and Bellaschi are 
concerned principally with the last of these; and are indicative 
of the fine work that is being done along these lines. By way of 
supplement, I wish to discuss the errors of the cable-type divider, 
and to show that these errors may either be eliminated or com- 
pensated for by proper adjustments and technique. 


Errors IN Casie-Tyee DivipEer 


There are four possible sources of error in a cable-type divider 
connected as in Fig. 8: 
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1. The terminal resistance R is not equal to the surge im- 
pedance of the cable; due both to errors in adjustment and to the 
fact that a concentric cable is not a true surge impedance in- 
variant to changes of wave shape. 

2. Capacitance or other impedance of the measuring circuit. 

3. Attenuation and distortion in the cable. 

4. Distributed capacitance to ground of the divider resistance. 

When the terminal resistance is not equal to the surge im- 
pedance of the cable, successive reflections occur; and the voltage 
across the resistor is given by (ignoring C). 


Ryo —Z 
a = eee = 1 if Ry is very large compared with Z 
R-Z 
a = ——— 
oe 
Ey = applied wave 
Z 
E =——— 
SES 


T = eable length in microseconds 


If R = Z, then a. = O, there are no reflections, and e = #. 
Equation (1) has been plotted in Fig. 8, for the first three re- 
fiections, as function of the ratio (Z/R). It is evident that 
a departure from Z/R = 1 leads to the existence of reflections 
and consequent error. 

In Fig. 9 the error of measured wave erest and front is shown 
for an exaggerated case of (Z/R = 0.6) and (27/F = 0.4). The 
effect has been to lengthen the front by 80 per cent and increase 
the crest by 70 per cent. 

In Fig. 10 the effect of inereasing the length of the cable 
(when R # Z) is shown for a wave which has been chopped on 
the front. Thus when 27 is less than F the reflections pile up 
and give a measured crest much in excess of the true crest. 
However, as 27' is increased the excess decreases and reaches a 
constant value for 27 = F; this residual error being the excess 
due to the first reflection. 

In Fig. 11 the error due to terminal capacitance is shown, 
when R = Z. In this case the voltage is 
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and if Z is an infinite rectangular wave this integrates to 


e=E 4 f1— €-%|— [ ate-“Jor 
€ —at 
+[ eat — ore) 3 | ams 
4T 
1.000 0.368 0.230 
= suas 2 
fread eee, mle é €) 
; 2T 4T 
where 
ys. SEAS 
ZC 


Therefore, the crest of each reflection is the same for all finite 
values of C, but the length of the reflection, being directly pro- 
portional to C, decreases therewith, and becomes extremely short 
in practical eases. Thus in Fig. 11 the “length” of the second 
reflection is about 0 = 5. If in a practical case Z = 50 and 
C = 0.0001 yf it follows that the length in microseconds is only 


0001 
ne A tN Xan 


5} 0.0125 microsecond 


and would pass unnoticed on a cathode-ray oscillogram. 

The effect of attenuation and distortion in the cable increases 
with its length, and is more pronounced for short peaked waves. 
Thus a wave which has been chopped by a sparkover on its 
front will attenuate much more than a long wave of the same 
erest. If no other errors exist in the divider circuit, the measured 
wave may be several per cent too low for chopped waves. If 
the amount of this attenuation is known for a given eable, it can 
be compensated for, approximately, by making a corresponding 


increase in the ratio (R/Z); but it must be verified that the 
attenuation is practically constant over the range being investi- 
gated. 

The divider resistor Ry undoubtedly possesses distributed 
series and shunt capacitance, as discussed in Bellaschi’s paper, as 
well as series inductance. The question arises as to whether both 
inductance and capacitance have an appreciable influence, or 
does the influence of one of them predominate? 

Assume in the first place that only capacitance to ground is 
present, and for the sake of simplicity suppose it lumped at the 
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midpoint of the resistor. Then for a rectangular applied wave 
the wave entering the cable is 
At 


pene By (1 - € Wee) (3) 
Ro 


Hence the time-eonstant is 7’ = R,C/4, and since Ry and C 
increase together—the greater Ry the more retardation of wave 
front. 

Now if only series inductance is present, in addition to the 
resistance, the transmitted wave is 


Z —— 
BY = F-Bo(1 - € A (4) 


Hence the time constant is T7” = L/R and since L does not in- 
crease as fast as Ro, as extra resistor units are added, it follows 
that—the greater Ro the less retardation of wave front. 

But the experimental facts agree with criterion (3), which 
supports Bellaschi’s contention of a distributed capacitance. 
Bellaschi has given the equation and curves for the voltage dis- 
tribution along the resistor, assuming the constants to be uni- 
formly distributed. The more pertinent information required 
is a knowledge of the wave shape transmitted to the cable. This 


Effect of Coble 
Lengthona 

Short Chopped 
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is readily arrived at by solving the distributed circuit for current 
instead of voltage, thus 


7h, Ey 2(— 1)* €-% cos (karn/N) 
Ro ete fea > (1 + k?72C,/Cy)? © 


_ where 
k2 7? 
6 
Ro (Cy + k??C,) 
The voltage wave entering the cable therefore is 
‘ EoZ EoZ 2(— 1) ee 
ae Taian ties a+ emcee: © 


1 
These equations were derived on the assumption that the eur- 
rent in the divider resistor is not affected by the surge impedance 
Z of the cable, which is practically true because Ro/Z is of the 
order of 10,000 or more. 

Bellaschi remarks on the advisability of mounting the divider 
resistor close to the generator, and taking advantage of the 
electrostatic field therefrom to compensate for the capacitance 
to ground of the resistor. I should think that shielding in that 
way might be quite a delicate proposition; and possibly subject 
to considerable electromagnetic induction for heavy discharge 
currents in the generator. I understand that when the divider 
happens to be too close to the impulse generator discharge gap 
that the resistance elements are melted in two by induction; and 
therefore would infer that a high induction would result from too 
close proximity to the generator. Of course, trouble from this 
cause might not be serious except for heavy rates of discharge. 
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J.E.Clem: Mr. Bellaschi goes to some trouble to attempt to 
demonstrate that the sphere gap is not a primary standard for 
the measurement of voltages. I fail to see the point in this since 
it really makes no difference whether the means of measuring 
voltage is a primary standard, so called, as long as the correct 
results are obtained. It would be interesting to know just what 
faith would have been placed in the results of measurements of 
high impulse voltages made with a resistance cable divider had 
it not been for the availability of sphere gap data as a check. 
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Fig. 5 of this paper is very interesting since one can draw either 
of two conclusions from it. Either the sphere gap up to about 
1,700 is correct or the resistance cable divider can be made to 
give correct results up to the same value. This curve further 
indicates that results obtained in different laboratories up to 
1,700 kv upon 1.5-40 microsecond wave should check. 

It is known that corona is a serious factor in producing errors 
in the indications of the resistance cable divider. Since the 
corona is a function of the voltage and also a function of the rate 
of change of voltage it is obvious that the corona errors would be 
greater for the 0.5-5 microsecond wave than for the 1.5-40 
microsecond wave. From the author’s Fig. 5 it is quite clear 
that he has been able to eliminate the corona errors for the longer 
wave up to 1,700 kv. It would be extremely useful if Mr. Bel- 
laschi would show if it is possible to use the resistance cable 
divider as successfully for the short wave as for the long wave. 
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The following discussion of the paper by Messrs. Dowell and 
Foust is not intended in any way to be a criticism of the material 
presented. Rather, it is designed to present supplementary data 
which were obtained during tests to obtain answers to questions 
which have come to my mind in connection with this{work. 
These questions are briefly as follows: 

1. Is there any reason why the cable used in the resistance 
cable divider should be limited to 150 ft in length? 

2. Should we expect to obtain the same kilovolts per milli- 
meter for the 0.5-5 and the 1.5-40 microsecond wave? 

3. Should there be any difference in impulse generator excita- 
tion for the two waves? 
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4, Should there be any direct proportionality between the 
impulse generator excitation and the kilovolts as indicated by 
sphere gap or cathode ray oscillograph? 

5. What polarity effects might be expected? 

6. What steps have we taken to make sure that there are no 
unknown oscillations in the waves and which might cause 
improper indications of voltage by the sphere gap? 

7. Is there any time lag effect on the sphere gaps? 
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The results of the investigations made to answer these ques- 
tions are covered by Figs. 12 to 17: 

Fig. 12 is a schematic outline of the impulse generator and dis- 
charge circuits as used in this investigation. The excitation 
voltage of the impulse generator was measured at the point P 
at the left. The cathode ray oscillograph with its divider and 
the sphere gap are located as indicated. 

1. The effect of the length of the cable divider was very care- 
fully studied and the findings may be summarized from the data 
given in Fig. 13. At the left in Fig. 13 is shown the wave ob- 
tained with the resistance capacitance divider and at the right 
is shown the same wave as indicated by the resistance cable 
divider. The wave at the left has been verified by calculations 
based on the circuit constants which were independently de- 
termined. The wave obtained by the resistance cable divider 
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using 200 ft of cable is nearly an exact replica of the other wave. 
It appears then that when the proper precautions are taken there 
is no reason why the length of the cable divider should be limited 
to 150 ft. 

2. Table I shows the data obtained during this investigation. 
Under the heading of ‘‘Sensitivity”’ is given kilovolts per milli- 
meter obtained for the 0.5-5 wave and for the 1.5-40 microsecond 
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Fig. 14—CaisBraTION oF ImpuLsE GENERATOR OUTPUT 
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wave. Tests were made with positive and negative polarity of 
each case. These data indicate that the kilovolts per millimeter 
is substantially the same for both waves over the range covered 
in the tests. It is interesting to note, however, for the difference 
which exists that if the calibration of the cathode ray oscillo- 
graph for the 1.5-40 wave was applied to the deflections given 
by the 0.5-5 wave the voltage indicated would be higher than 
that indicated by the sphere gap measurements. 


TABLE I 


Impulse gen. output Impulse gen. excitation 


Impulse gen. excitation 


Cathode ray oscillograph 


50 cm diam sphere Corrected for Deflection Sensitivity 
gap corrected Volts circuit output efficiency millimeters kv per mm 
Gap (94%) (78 %) 
setting (4-5) (134-40) (44-5) (1 34-40) (44-5) (144-40) (14-5) (144-40) (344-5) (14-40) 
Kv Kv Kv =n = ails -- te = te _ oe: = ae = =i = ere = 
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TOD ote Syatetatyy Ad ei ele ai An tn ae LOLS 206. nel oe Ldveeen, Op Sian W002. 96st aon Ol on44. OL 447 OF. 43.05.4330. 16.8.6 16.8. .kOw «clG26 
82.1. .85.3..86.2. .88.1 Sum. 
16.4...17: 2 5.17 25h Grave: 
Gee 17.4 Ave. 
Circuit Constants 
(4-5) (1%-40) 
Gi" O.0098 Kiss. oc.ceee 0.0098 yf 
Ceo 0.000075 yf....... 0.000125 uf 
ZL 50 microhenrys.. ..0 microhenrys 
RT Orie are nts eee 950 ohms 
ip 450 OWS) eid. 0. ss 8800 ohms 
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3. The impulse generator excitation required for the two 
waves is given in the center of the table under the heading 
“Tmpulse Generator Excitation.’’ Due to the different constants 
of the circuit the impulse generator excitation efficiency is 
different for the two waves. When the impulse generator excita- 
tion has been corrected for discharge circuit output efficiency, 
it is found that practically the same excitation is required for 
either wave. 

4. This tabulation also indicates that the impulse generator 
excitation is practically directly proportional to the voltage as 
measured by the sphere gap or by the cathode ray oscillograph. 
This is evident from Fig. 14. : 


Fic. 15—BreakDOWN 
or SPHERE GAP ON 
(%-5) Wavr— Post- 
TIVE AND NEGATIVE 
WAVES 


A—#00 kv 
B—400 kv 
C—500 kv 
D—600 kv 
E-—700 kv 


5. The effect of polarity is evident from this same tabulation 
where it is seen that positive polarity voltage for either the short 
or the long wave required constantly a higher impulse generator 
excitation. There seems to be no great difference in sensitivity 
of the cathode ray oscillograph for positive and negative polari- 
ties. In Fig. 15 is shown a set of oscillograms taken over a range 

of voltages with positive and negative voltage applications. 
There seems to be no difference in the flashover characteristics 
of the spheres between the positive and negative waves over the 
range of voltage investigated. 

6. In Fig. 16 is shown a set of oscillograms made to demon- 
strate that only known oscillations are present in the applied 
voltage. The upper oscillogram shows the wave without any 
capacitance load. This wave has previously been verified by 
measurement and by calculations based on circuit constants 
which were independently determined. In the second oscillogram 
the capacitance load is due to a 50 em diameter sphere, as shown. 
The oscillations appearing on this wave were predicted and 
checked quite well with the prediction. In the third and fourth 
oscillograms an increasing capacitance load has been added. In 
each ease the oscillations were predicted and agreed reasonably 
well with the predictions. Since these small oscillations are only 
present when they should be and have been predicted and ob- 
served it seems very reasonable to believe that no others are 
present. 

Further investigations along this line were made with a much 
larger capacitance, used so that the oscillation would be of much 
greater amplitude. These are shown in Fig. 17. In this case 
also the superposed oscillations were predicted and the predic- 
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tions agreed quite well with the measured values. Oscillograms 
are given in which flashover did not occur and in which flashover 
did oceur. It should be noticed that a very slight increase in 
excitation is required to cause flashover. 

7. The sphere gap seems to be showing some time lag at 500 
and 600 kv. (See Fig. 17.) At 500 ky a series of films was taken 
from an excitation of 62 and 57 volts to 65 and 60 volts inclusive. 
(See Fig. 17.) It was found that an increase in excitation of only 
2 volts was sufficient to cause the apparent time lag to disappear, 
thus indicating that the voltage adjustment giving a time lag 
for the spheres is very critical, and therefore the error from this 
source is quite small. 

It is very possible that the resistance divider may show polarity 
effects due to difference in corona at higher voltages and that 
this same effect might cause the proportionality between excita- 
tion and voltage to change, and further, the corona effect might 
also introduce different errors for the short wave and for the 
long wave. 

It should be noted that all the foregoing tests were made at or 
below 700 kv, and that 700 kv is pretty well up toward the limit 
for the 50 em spheres used in this investigation. Sphere gaps 
used for impulse voltage measurements should have a lower per- 
missible ratio of spacing to diameter than when used for 60-cycle 
measurement. With these reservations in mind, the following 
general conclusions, applicable below 700 kv, may be drawn 
from the data here presented: 

Resistance cable dividers can be made to give correct results 
with a cable up to 200 ft by the development of proper technique. 
The longer cable requires more careful adjustment. 

The same kilovolts per millimeter for the 0.5-5 wave should be 
obtained as for the 1.5-40 wave. 


Fic. 16—Impu.sEe GENERATOR 
Test Wave (14-5) SHowine OscIL- 
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TANCE LOADS 


A—Circuit without capacitance load 700 
kv crest 

B—with 50-cm diam. sphere spark gap 
load. 

C—with 50-cm gap and 3 pedestal units 

D—with 50-cm gap and 3 pedestal units 
and 7 unit i 


CoP ORT TH 
” * microseconds 


After corrections for discharge cireuit efficiency have been 
made, the same impulse generator excitation should be obtained 
for the short wave as for the long wave. 

Direct proportionality exists between the impulse generator 
excitation and the output voltage whether the voltage is mea- 
sured by sphere gap or by cathode ray oscillograph deflection. 

Higher impulse generator excitation is required for positive 
polarity than for negative polarity for both the long and short 
waves. Over the range of voltage tested there was no appreciable 
difference in the sphere gap indication or in the kilovolts per 
millimeter due to polarity. 
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Study of oscillations indicate that our laboratory has sufficient 
mastery of impulse test technique that we are sure there are no 
unsuspected oscillations. 

The possible error due to apparent time lag of the sphere gap 
is quite small, and, in general when sphere gaps are used for 
measurements of impulse voltages, the range should be more 
limited than when used for 60-cycle measurements. 

F. D. Fielder: The paper by Mr. Bellaschi represents much 
research, and corroborates parallel work at Trafford. 

In our capacity divider studies at Trafford, we were handi- 
capped by unfavorable ground conditions. Parts of the capacity 
system which should remain at zero potential acquired oscil- 
latory voltages of the order of hundreds of volts for short times, 
thus introducing serious oscillations. These were finally elimi- 
nated to a great extent by the use of balanced capacities. Briefly, 
to the same extent that fluctuations in the ground plate influenced 
the pickup electrode which was directly connected to the front 
oscillograph voltage terminal, these influences were balanced 
with a pickup electrode located behind the ground plate and 
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17—SpHERE Gap VouTaGeE MEASUREMENTS ON 
WavE wiTH SUPERIMPOSED OscILLATIONS SHOWING IMPULSE 
GENERATOR EXCITATION VOLTAGES 


connected to the rear oscillograph terminal. With this device 
the waves became recognizable, and the same characteristics of 
positive and negative calibrations were found as reported in the 
paper. The same explanations were assigned to the behavior 
and the same methods of improvement were effective. In 
general, however, the use of a capacity divider for high voltages 
is not as suitable at Trafford, because all the apparatus, includ- 
ing the test piece, are close together in the same building, thus 
introducing complications due to the leads. ; 

In using the resistance cable divider system, it is necessary to 
have all parts of the system in proper order, as error in any part 
leads to dissatisfaction with the system as a whole. The use of 
a poorly insulated cable is an example, for then the wave becomes 
modified as it is transmitted through the cable. If a poor cable 
is used it becomes necessary to employ short lengths, thus losing 
the convenient time delay that a long cable provides. Likewise 
a resistance unit which has inductance, or which has too great a 
total resistance, or even too great a resistance per unit length, 
or which has high capacity to space; all of these factors lead to 
error and general dissatisfaction. However, a correctly operat- 
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ing resistance divider is trouble free, faithful and consistent. I 
might suggest that Mr. Bellaschi state more fully the justifica- 
tion for selecting the capacity-to-space values presented in 
Fig. 14. It would also be interesting to extend this group of 
curves for resistances lower than 25,000 ohms, since most practi- 
eal dividers are below this figure. 

At present it is believed that resistance divider measurements 
for all minimum flashover voltages, and for all time lags in ex- 
cess of one microsecond are reliable. For flashovers at high voltages 
occurring in shorter times, further improvement will be necessary. 
Present resistance dividers become inaccurate in this range; 
capacity dividers with long leads have an undesirable lead effect; 
capacity dividers with short leads may have variable calibra- 
tions because of corona on the leads. The solution for this 
requirement either is a completely shielded resistance divider, or 
a capacity divider so constructed that the corona from short 
leads and a close test piece can have no effect on the capacity 
relationships. A parallel plate capacity system which is suffi- 
ciently large to shield external influences completely has been 
suggested. 


F. D. Fielder and P. H. McAuley: We recognize many of 
the problems in the paper by Messrs. Dowell and Foust which 
we have encountered, and although some of the solutions are 
similar, there remain many in which our point of view is different. 

We do not agree that suitable voltage dividers for surge 
measurement are not available. A divider of the type designated 
resistance-cable in the paper has been used successfully at 
Trafford for over 4 years. The effects of distributed capacity, 
of terminal surge impedance and of cable characteristics were 
investigated and found satisfactory for general surge testing 
before its adoption. Our experience indicates that if a paper- 
insulated cable of at least 10,000-volt rating is used, the distor- 
tion is negligible even with a length of several hundred feet. 

In our studies of different types of voltage dividers it has been 
found that, unless precautions are taken, resistance dividers tend 
to lengthen the time to the crest of the wave, and also with short 
waves the tendency is to reduce the crest values. In general, 
capacity dividers tend to introduce oscillations of more or less 
seriousness, and again, unless precautions are taken, a change in 
the calibration constant is possible. The type of divider desig- 
nated as resistance-capacitance introduces the undesirable features 
of both types. We are inclined to question the advisability of 
using damping resistances in measuring circuits. 

The authors completely ignore a valuable check of the accuracy 
of their measurements. The cathode ray oscillograph has a 
definite calibration constant for its deflecting plates, usually 
about 250 volts per centimeter deflection. It depends only on 
the mechanical design and on the cathode voltage, and can be 
determined with a high degree of accuracy by taking films with 
measured d-c voltages on the deflecting plates. Hence, knowing 
the divider ratio and the oscillograph constant an independent 
method of voltage measurement is available. 


We are pleased to note that the authors have concluded that 
the rate of rise of standard waves has practically no effect of the 
flashover values. This was the conclusion we expressed in a dis- 
cussion‘ at the 1930 Summer Convention, in which we took issue 
with Mr. Peek’s formulas for surge breakdown of apparatus. 

In the paper the viewpoint is expressed that the sphere gap is, 
and has been, the standard of voltage measurement, while the 
use of the oscillograph presents many problems, in particular 
concerning the voltage divider. Our viewpoint is exactly the 
opposite, for we feel that it is vitally important to secure accuracy 
of the oscillograph, before the sphere gap can be used with 
confidence. This follows directly from the following facts, which 
combine to mislead the user of sphere gaps: 

1. The natural tendency of any surge generator is to produce 
waves with superimposed oscillations on the erest of the wave. 


4, A.J.E.E. Trans., October 1930, p. 1502. 
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2. The tendency of resistance-type dividers is to eliminate or 
reduce these oscillations. 

3. Calculations which neglect certain of the circuit constants 
also eliminate or reduce these oscillations. 

4. Small oscillations.on the crest of the wave generally have 
no effect on apparatus flashover. 

5. Sphere gaps, however, detect the full crest of superimposed 
oscillations, unless they are extremely fast. 

6. The relative magnitude of the oscillation or overshooting 
varies with the capacity of the apparatus under test. 

We believe the best way to check results, and to obtain confi- 
dence in measuring methods is by direct comparison between 
different types of voltage dividers; if calculations are to be used 
at all they should be as rigorous as possible and should neglect 
none of the circuit constants unless it is proved they have no 
effect. Calculations should not be submitted as proof that the 
recorded wave is a replica of the actual wave. This is particu- 
larly true when certain of the circuit constants are neglected as 
suggested by the authors in Fig. 3. Oscillations are due to the 
series inductance and stray or load capacity. When either is 
neglected as in Fig. 3, nothing but a smooth wave—the difference 
of two exponential functions—can be obtained by calculation. 
Except for showing the approximate front and tail such caleula- 
tions are of little value. Bellaschi has developed more accurate 
methods for calculating wave shapes.. However, additional oscil- 
lations are invariably present on the oscillograms and if over- 
shooting occurs the oscillogram usually shows less than the 
ealculated wave. One feature of oscillograph work which can 
readily be improved is the wide beams shown in Fig. 4. As- 
suming 1,000 kv applied these traces are nearly 100 kv wide 
which limits the accuracy of analysis. 

A eareful direct comparison of the resistance divider and 500 
mm sphere gap has been made recently at Trafford. Fig. 18 
shows that the calibration on both positive and negative 1.5-40 
waves is different from the A.I.E.E. standard curve. It is 
appreciated that this statement is based on the assumption that 
the divider is accurate. However, apart from voltage values, it 
is far easier to understand a polarity effect on a gap than on a 
resistance. Similar tests now nearly completed indicate that 
the 750, 1,000 and 1,500 mm gaps have similar characteristics. 
This condition has great significance in connection with voltage 
measurement. 

We do not believe the method presented for the determination 
of the surge impedance of eables is reliable, since it assumes per- 
feet performance of the resistance divider. Bellaschi has shown 
that such performance is not to be expected for the type of waves 

_ illustrated in Fig. 15 of the paper. If the divideris in error then 
the surge impedance determination will also be in error. We be- 
lieve a better method is the use of a low voltage surge which can 
be recorded with the oscillograph as it enters and as it leaves the 
cable. When these waves are identical the surge impedance is 
correct. 

We would subscribe to the elaborate methods of presenting 
data if we thought much was to be gained by their use. How- 
ever, it appears that Table II concerns itself mostly with the 
application of correction factors which are generally accepted 
and universally applied. A general statement showing the cor- 
rection factors used should be sufficient, for it is to be assumed 
that anyone concerned with surge testing can properly apply the 
corrections. It is our belief that the causes of the differences 
between laboratories lie far deeper than simply in the working 
up of data. 

C. M. Foust: Mr. Bellaschi’s experience with the capacitance 
voltage divider is very interesting. On first thought, series 
capacitors always appear to be ideal for obtaining division of high 
voltages for measurement purposes, particularly for short-time 
surges. On closer examination, however, many difficulties are 
revealed. If air dielectric is used as Mr. Bellaschi has done 
space requirements often make the setup impractical and when 
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measurements appear inconsistent, disturbances in the field 
between the capacitors are frequently suspected. The polarity 
difficulty illustrated in Figs. 9 and 11 is one such disturbance. 
The author chooses to explain this effect in terms of space charge 
and probably it is clear to many on this basis. The following 
viewpoint, however, is more significant and may prove helpful 
to others: 

A capacitance voltage divider to hold true ratio must be so 
arranged that the series capacitor units retain constant capaci- 
tance values at all measurement voltages. In neither capacitor 
must the dielectric break down partially when voltage is applied. 
If such a partial breakdown occurs in one of the series capacitors, 
a higher capacitance value is obtained for this unit and an 
abnormal shift of voltage to the second unit occurs. This shift 
of voltage with partial breakdown would give the calibration 
characteristic shown in Fig. 11. It should be present for both 
polarities but to a much greater degree with positive polarity as 
the positive breakdown streamers are much greater in extension 
than negative streamers. 

It must be remembered that the actual capacitance coupling 
values between the high voltage terminal and the pickup anten- 
nas connected to the oscillograph plates are very small. With 
a 1,000 to 1 voltage reduction ratio and an excess capacitance of 
1,000 uf across the deflection plates this capacitance coupling 
would be only 1 pf, a very low value and difficult to work with 
where spacings are so great. 
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The space charge viewpoint I believe of much greater value 
in connection with the explanation for the oscillograph trace not 
returning to zero for the positive polarity as shown in Fig. 10. 

The use of the large shields effectively reduced the divergence 
between positive and negative polarity calibration curves. It’ 
appears to me, however, that such shields have several important 
disadvantages. Although the capacitance between the shields 
and the pickup elements is small still the total capacitance of the 
shields to ground is large. Such a large capacitance connected 
to the discharge circuit increases oscillatory effects in the dis- 
charge wave and makes it difficult to obtain the more rapid rates 
of. voltage rise across the test specimen. 

C. F. Harding and C. S. Sprague: Fig. 2 of the paper by 
Messrs. Dowell and Foust illustrates the relative shapes of caleu- 
lated waves which conform to the definitions of the proposed 
standard waves. It is evident that the figures %, 1, 1% are 
searcely representative of the actual steepnesses of the major part 
of the fronts of these caleulated waves. It would appear to be 
desirable to define the front of the wave by some more repre- 
sentative figure, perhaps, as has been suggested, by the time 
between the points on the wave front corresponding to 10 per 
cent and 90 per cent of the erest value. 
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The resistance-capacitance divider of Fig.5is subject to the same 
fundamental limitations as is the resistance cable divider of 
Fig. 7. Of course by tapping off across a low value of resistance, 
the voltage impressed on the oscillograph circuit is kept low. 
Consequently the charging current into this circuit may be kept 
to a very small fraction of the total discharge current thus help- 
ing to maintain the proportionality at the higher frequencies and 
steeper waves. The particular disadvantage of this scheme is 
that when tapping off the discharge resistor at low potentials, the 
effect of any induced or stray pickup voltage is proportionally 


increased. Thus it is absolutely essential that the series capaci- 
tance, the resistance R; and the leads to the oscillograph be 
extremely well shielded from stray fields. 

Fig. 6 provides oscillograms which show the effect of the damp- 
ing resistors and also of the load capacitance on the oscillations 
on the front of the wave although, with the slow sweep used, it is 
difficult to analyze these oscillations. It is desired to point out 
a source of apparent oscillations on the front of the wave which 
evidently has not received much attention. In brief, the genera- 
tor circuit, including any added inductance, has a certain surge 
impedance, and for a given voltage a corresponding current wave 
will travel toward the discharge resistance. Reflections then take 
place across this discharge resistance in a manner entirely 
analogous to the reflections at the end of a transmission line 
grounded through various values of resistance, the major differ- 
ence being that in the case of the generator circuit the distances 
are much shorter. Hence with a high value of resistance it is 
possible to get positive reflections and the voltage overshoots 
across the discharge resistance. With lower resistances negative 
reflection occurs and the rise of voltage on the front is character- 
ized by the corresponding stair steps. In the usual case the 
reflections are negative rather than positive. The oscillograms 
in Fig. 19 were taken with the cireuit adjusted to emphasize 
these negative reflections and to illustrate the progressive changes 
in these negative reflections as the discharge resistance is in- 
creased. These waves, of course, would not be used for testing. 
The dotted curves indicate the calculated waves. A good agree- 
ment is obtained except for the stair steps on the front; this 
could not be expected when the calculation is based on the as- 
sumption of lumped constants. Reflections of this sort will often 
be combined with oscillations of the generator inductance and 
load capacitance, and sometimes even with oscillations in the 
potentiometer circuit. The reflections across the discharge 
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resistance, when present in a noticeable amount, can be detected 
by comparing their frequency with the length of the generator 
discharge circuit; an accurate check requires that the wave front 
be recorded with a sweep noticeably faster than that ordinarily 
used and for the steeper waves it is necessary that the potentiom- 
eter circuit constants be such as will transmit these rapid changes 
to the deflecting plates, without excessive damping. 

Mr. Bellaschi is to be commended on his analysis of the various 
factors on which depend the strict proportionality of the voltage 
applied to the deflecting plates of the oscillograph. Quantitative 
data presented show the distortion due to the use of the re- 
sistance-cable divider. These data indicate that, when properly 
employed, the resistance-cable divider may be used without 
appreciable error for recording waves, having the average rise 
of the steepest part of the front taking place in 1 microsecond or 
more. For faster waves it seems desirable to use the capacitance 
divider. The latter, of course, must be calibrated by the sphere 
gap, whereas the resistance-cable divider may be checked both 
by the gap and by the resistance ratio. 

Fig. 4p, apparently indicates a rather serious time lag of the 
200-em sphere gap on a long-tailed, flat-topped wave. This, of 
course, indicates the necessity of using this type of wave for the 
purpose of calibrating the oscillograph. In some eases voltages 
are measured by the sphere gap on waves having breakdown on 
the front or otherwise having a high peak of short duration. For 
work of this nature it is necessary that the sphere gap have a 
negligible time lag. The curves in Fig. 20 illustrate the effect of 
varying the intensity of ultra-violet light on small spheres at 
small spacings. The wave used was rather sharply peaked and 
accentuated the effect of the light in reducing the time lag of the 
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sphere gap. It is reasonable to believe that the use of ultra- 
violet light on the larger spheres would result in more accurate 
measurement of the sharply peaked waves. 

Taken as a whole the data in this article appear to be in favor 
of the use of the capacitance potentiometer, assuming the use of 
the suggested static shields, and providing that oscillations in 
the potentiometer circuit are prevented by a sufficient, but not 
too high value of damping resistance. 

E. S. Lee: Remarkable advances have been made since the 
year 1925, when papers were presented to the Institute on the 
subject of surge-voltage measurements, to the present day when 
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papers on the subject are presented for the first time under the 
auspices of the Committee on Instruments and Measurements. 
With reference to the Bellaschi paper and the Dowell-Foust 
paper, I welcome this subject to the auspices of this committee. 
In this connection there are questions of active interest relative to 
sphere-spark gap calibration and use, resistance multiplier, voltage 
dividers, cathode-ray oscillograph performance, and the like, 
brought up by the report of the lightning and insulator subeom- 
mittee that are in the province of the committee on instruments 
and measurements and in which they should be active in pro- 
gressing. 

In conclusion reference is made to the heritage of the instru- 
ment engineer, which is rich. The program today shows promi- 
nence in two important fields, which is typical. No engineer 
advances far before he has to measure something. Thus the 
instrument engineer finds himself at the outer of all paths. May 
he continue to realize his responsibilities and the opportunities 
for his contributions and achievement. 

W. L. Lloyd, Jr.: The resistance potentiometer and the 
capacitance potentiometer have both been used to a considerable 
extent in the Pittsfield High Voltage Engineering Laboratory 
where the capacitance potentiometer was the first type employed. 
While the capacitance potentiometer has certain advantages, 
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particularly at the lower voltages where corona can be pre- 
vented, it has certain inherent disadvantages at all voltages. If 
the capacitance potentiometer is inclosed, difficulty is experienced 
in preventing oscillations on the measured wave and in main- 
taining the potentiometer and the oscillograph grounds at the 
same potential. If of open construction, as for example in the 
potentiometer at Sharon as described by Mr. Bellaschi, it is 
subject to these same oscillations and, in addition, to changes in 
the calibration as the capacity relationships between the exposed 
parts are altered for the different tests. 

Mr. Dowell and Mr. Foust have given in their paper a detailed 
description of the precautions necessary for the accurate mea- 
surement of high voltage, short time impulses. As a result of 
much painstaking research, it was found possible to obtain 
aecurate oscillograms of the high voltage test-wave and the same 
calibration for either the long or short wave. If the same eali- 
bration is not obtained with the 0.5-5 or 1-5 wave as for the 
1.5-40 wave it is a clear indication that the oscillograph is not 
accurately following the voltage being applied to the sphere-gap 
and test-piece. Hither the potentiometer or sphere must be 
-wrong and the accuracy of sphere gap in sparking over without 
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appreciable time lag on the crest of either the short or long wave 
cannot be questioned. Messrs. Dowell and Foust present data 
showing that the sphere gap has negligible time lag unless the 
gap is subjected to very high over-voltages and fronts consider- 
ably faster than those of the 0.5-5 or the 1.5-40 waves. 

A linear calibration of voltage vs. oscillograph deflection is proof 
that the potentiometer is independent of the rate of voltage rise 
on the front of the wave. Therefore, changing the test wave 
from a 1.5 usec front to a 0.5 usec or 1.0 usec front ought to give 
the same constant value of kilovolts per inch of deflection. 
Where different calibrations were obtained with the long and 
short waves, we found that the oscillograph was not accurately 
following the voltage applied to the sphere-gap and test piece. 

Careful adjustments made in the oscillograph potentiometer 
circuit finally gave the same calibration with the short and with 
the long wave, and when this was obtained it was found that the 
oscillograph was truly portraying the impulse wave. Changes 
made in the lightning generator circuit then resulted in the proper 
changes in the measured oscillogram and the measured test wave 
then agreed with the calculated test wave. I would reeommend 
the careful study of the Dowell-Foust paper by anyone planning 
the accurate measurement of high voltage impulse waves. 

Fig. 21 shows the 200-em sphere gap curve which has been used 
for a number of years in the laboratory at Pittsfield. It was 
calculated by means of Peek’s sphere gap formula and checked 
by comparison with the 75 em and 100 em sphere gaps for both 
60 eyeles and impulses. 


F. W. Peek, Jr.: It is frequently difficult to determine whether 
a true resistance at low frequency is still predominately a re- 
sistance or has become predominately an inductance or a capaci- 
tance under transient conditions. For this reason it is futile to 
argue that any type of divider for measuring impulses is a pri- 
mary standard. Certain corrections must be made in all cases. 
Sometimes these corrections are difficult to determine. This is 
especially so at high voltages where the ratio is high and corona 
may be a factor. Polarity correction may also be necessary in 
the oscillograph. It is also futile to argue whether the sphere 
gap is a primary or secondary standard. This follows because it 
is sometimes necessary to make corrections in using the sphere 
gap. For example, for measurements on the rising front of very 
steep waves it may be necessary to make corrections for time 
lag although the time lag correction is negligible for the usual 
waves. However, at very high voltages possible sphere-gap errors 
are likely to be smaller and corrected with greater certainty than 
divider errors. In my work I have used the sphere where possible 
at moderate spacings, generally less than half diameter, thus 
minimizing corrections for both polarity and time lag. We must 
always recognize the shortcomings of any instrument and use it 
in such a way that probable errors are at a minimum. 

While the sphere gap probably still is the most useful instru- 
ment in general measurements of impulse voltages, in the pioneer 
work it was invaluable. There was no other method. In fact, 
practically all of the time lag characteristics now determined by 
the cathode ray oscillograph were originally determined by the 
sphere gap in our early work.*® 

E. J. Wade: My experience with cathode ray oscillographs in 
the Lightning Arrester Laboratory at Pittsfield extends back to 
1924 and I agree with Mr. Bewley that the idiosyncrasies are 
legion. However, it is a never-ending source of satisfaction to 
work with an instrument which, because of its extreme sensitive- 
ness to short time phenomena, continually presents new problems. 

One of the major considerations in the operation of the oscillo- 
graph is the question of obtaining a really satisfactory voltage 
divider. The ideal voltage divider would be one with extremely 
high impedance with a constant and easily measurable ratio and 
perfect fidelity of reduction. Unfortunately these requirements 
are incompatible and a compromise must always be made. 


5. The Effect of Transient Voltages on Dielectrics—I, by F. W. Peek, Jr., 
A.I.E.E. Trans., 1915, Vol. 34, p. 1857. 
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Various designs of air and oil insulated capacity dividers have 
been used with good results but I have always felt the lack of a 
direct method of determining the ratio to be a disadvantage. 
Also while the fidelity of reduction is unquestioned the addition 
of any capacity across the test piece is undesirable with some 
circuits, particularly where the current following breakdown is 
being measured. 

Another voltage divider which we have found very useful is 
what we call the compensated resistance divider, where capacity 
is added to balance the error caused by the capacity of the de- 
flecting plate circuit. One form of this divider was described by 
K. B. McEachron in Electric Light and Power, May 1929, and 
it is also considered mathematically by Peters, Hannen and 
Blackburn. The advantage of this type of voltage divider is 
that the ratio can be accurately predetermined and the impedance 
made very high. Unfortunately it must be used close to the 
oscillograph as the introduction of a cable prevents the use of the 
compensating capacity. 

The cable divider probably is the most widely used and valu- 
able type of divider. Although it cannot perfectly b ecom- 
pensated the error can be made so small as to be negligible in 
most cases. The capacity divider and cable divider have been 
checked one against the other, both in the laboratory and during 
field tests. With either divider the connection to the oscillo- 
graph is of importance, the ground lead to the oscillograph and 
deflecting plates being kept as short and direct as possible, to 
avoid inductive drop. 

J. C. Dowell and C. M. Foust: Mr. Bellaschi feels that the 
authors are appreciably in error by using the sphere gap to 
measure surge voltages. We would like to call attention to Fig. 5 
in Mr. Bellaschi’s paper showing a voltage calibration of the 
200-em sphere gap with the resistance potentiometer together 
with the calculated curve for the sphere gap. This apparently is 
a perfect check of the 200 em sphere gap on the 114-40 usec 
wave, and it would seem that this behavior of the sphere gap 
would allay any criticism of its accuracy on this wave. The 
authors have found no appreciable difference in the operation of 
the sphere gap between the 4-5 and the 1144-40 waves. 

While apparent time lags are occasionally recorded on oscillo- 
grams as Mr. Bellaschi has shown in Fig. 4p, it has been demon- 
strated by the authors that this time lag occurs only at the very 
minimum breakdown voltage and a very slight increase will 
cause it to disappear. In a sphere gap voltage calibration ob- 
tained by the authors the sphere gap is adjusted through the 
range from 0 to 100 per cent arcing. The mid point of this 
range or the 50 per cent arcing point is chosen and this is inde- 
pendent of the apparent time lag as mentioned above. 

If by chance the sphere gap should have a time lag character- 
istie it would require a higher voltage to are over a given spacing 
with the 4-5 wave than with the 144-40 wave, the same as is 
experienced with the rod gap but to a lesser degree. Then in 
measuring a given applied voltage on the 14-5 wave the sphere 
would have to be closed down to a smaller spacing to obtain 50 
per cent arcing than would be necessary if the sphere did not 
have a time lag. Reading the equivalent voltage from the 
calculated curve for this smaller spacing gives a smaller voltage 
than would be obtained if the sphere had no lag. Since the 
sparkover voltages of insulators and rod gaps for the 14-5 usec 
wave obtained by the authors with the aid of. the sphere gap 
are very appreciably higher than values obtained by other 
laboratories, it seems preposterous to try to explain the difference 
by inaccuracy of the spheres on the shorter waves since any such 
error would be in the wrong direction. 

Mr. Bellaschi recommends that the resistance potentiometer 
be used as the “fundamental standard” for measuring impulse 
voltages. The authors’ views on this point are clearly set forth 
in Mr. Peek’s discussion. We feel that the true ratio of the 


6. “The Theory of Voltage Dividers and Their Use with Cathode Ray 
Oscillographs,”’ Bureau of Standards Journal of Research, July 1932. 
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resistance potentiometer is not necessarily the ohmic ratio and 
that it should not be relied upon as a fundamental standard for 
measuring kilovolts. From data that have been obtained we 
have reason to believe that corona affects the ratio of the re- 
sistance divider and that this effect is different for the two 
polarities. 

Mr. Fielder and Mr. McAuley suggest an inaccuracy in the 
method used to measure the surge impedance of cables on ac- 
count of errors in the divider for the type waves that were used. 
If the resistance divider cannot be made to reproduce correctly 
a wave with a superimposed oscillation we do not understand 
how it ean be used with confidence in measuring kilovolts. 

The authors are somewhat puzzled over Mr. Bellaschi’s 
hesitaney regarding the use of the complete discharge circuit 
analysis for voltage measurement in view of his eagerness to 
make a strong case for the resistance voltage divider. The 
authors did not recommend discharge circuit analysis as a 
method of voltage measurement or the use of a resistance divider 
not checked against a sphere gap for such measurements. As 
pointed out by Mr. Fielder all parts of the resistance-cable 
divider must be in proper adjustment. High loss cable, in- 
ductance in the resistance unit, too great resistance per unit 
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length, high capacity to space and corona all prevent good 
divider performance. These and others also are the identical 
problems which must be met in discharge circuit analysis. It 
easily follows, therefore, that performance of the resistance 
divider is quite as difficult to anticipate as that of the discharge 
cireuit. 

P. L. Bellaschi: There is a consensus of opinion expressed in 
the above discussions to the effect that considerable progress has 
been made lately in the technique of surge voltage measurement. 
While it is gratifying to know this, we urge that the profession 
continue and endeavor to establish the technique of surge voltage 
measurement on a common and fundamental basis. The follow- 
ing is a resumé and answers the various points brought out in the 
discussions. 


1. Relationship between Surge Generator Excitation and Surge 
Voltage Generated. 


Fig. 22 shows schematically the exciting apparatus, the surge 
generator discharge circuit, and the measuring devices. Control 
and synchronizing circuits have for simplicity been omitted. The 
relationship between charging voltage V and the maximum surge 
voltage generated H, for positive and negative polarities, is 
given in Figs. 23 and 24. These are the curves obtained at the 
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Sharon laboratory’; the lines are straight and, if projected, inter- 
sect the charging volts scale at a point slightly beyond zero. 
These curves demonstrate that the excitation required for a 
positive wave voltage is somewhat higher than for the corre- 
sponding negative wave voltage. Mr. Clem’s conclusion on this 
matter is in agreement with our results. Consideration of these 
results and of the surge generator constants obviously lead to 
another conclusion by Mr. Clem stating that, ‘‘After corrections 
for discharge circuit efficiency have been made, the same impulse 
generator excitation should be obtained for the short wave as 
for the long wave.”’ 
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For a given set-up of the surge generator the excitation voltage 
affords the only means whereby the surge voltage generated can 
be controlled and adjusted. The relationship between the surge 
generator excitation and the surge voltage generated may be used 
as supplementary to the surge voltage recorded by the measuring 
devices, in so far as it is a question of securing consistent results, 
but there is no good reason to justify its use as a basis for funda- 
mental measurement. 


2. Characteristics of Surge Generators—Calculations of Surge 

Voltage. 

This subject has been considered at length in the foregoing 
discussion; little more need be added. Calculations of the surge 
voltage are useful in that they give an intimate understanding of 
the characteristics of the surge generator discharge circuit and 
hence give more confidence in the technique of measurement. 
However, while the calculated surge voltage undoubtedly serves 
as a useful guide, it is preposterous to expect the calculated 
results to be an absolute and complete confirmation of the 
actual surge voltage. It is obvious then that only through a 
reliable technique of surge voltage measurement can correct 
results be obtained. Our criticisms of Messrs. Dowell and 
Foust’s paper also hold in similar respects for Mr. Clem’s dis- 
cussion on the subject of calculated surge voltages. 


3. The Sphere Gap. 

In his discussion Mr. Clem refers to studies made on the 50-em 
sphere gap to determine polarity and time lag effects; he states 
that neither of these effects exists in appreciable amount within 
the range of surge voltages he has considered. Mr. Lloyd states 
rather bluntly that “the accuracy of sphere gap in sparking 
over without appreciable time lag on the crest of either the short 


7. For discussion of results in another laboratory see also ‘‘Technique of 
Surge Testing,’ F. D, Fielder, Electric Journal, February 1933, p. 73. 
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or long wave cannot be questioned.” Harding and Sprague 
caution the use of sphere gaps for rapid surge voltage measure- 
ments, and suggest means to pre-ionize the air between the gap 
and thus eliminate possible time lag effect. Furthermore, Messrs. 
Fielder and McAuley recommend that sphere gaps duly be 
calibrated for work in surge voltage measurements. 

In the paper and in the writer’s previous discussion investi- 
gations made on the 200-em and on the 25-cm sphere gaps have 
been reported. Similarly, the 6.25-em sphere gap has been eali- 
brated with the resistance potentiometer; its calibration curve 
follows the A.I.E.E. curve up to approximately 3 em gap separa- 
tion but rises well above the A.I.E.E. curve for the wider separa- 
tions. 

Fig. 27 gives the 200-cm sphere gap calibration down to gap 
separations of several centimeters. It shows that a small 
difference exists between the surge voltage flashover for positive 
and negative waves, the positive wave value being less than the 
negative wave value. 

Fig. 25c gives the flashover of the 200-cm sphere gap (alumi- 
num spheres) when the gap is adjusted just to flashover. The 
gap separation is 30 em: The full wave of the surge applied is 
shown in oscillogram Fig. 258; to obtain this wave the internal 
resistance R,; in the surge generator was reduced to a minimum, 
the other surge generator constants being C;,; = 0.024 uf and 
L, = 30 wh. Two conclusions are derived from this oscillogram. 
First, the sphere gap missed the first crest of the oscillation and 
flashover took place at the second erest of the oscillation. 
Second, the resistance potentiometer was located approximately 
20 circuit feet in front of the sphere gap, and it therefore recorded 
a voltage less than the sphere gap flashover voltage by an amount 
equal to the lead drop. Fig. 25c then shows that a time lag effect 
exists particularly in the case of certain waves which nevertheless 
are encountered at times in the laboratory. As pointed out in 
the paper the time lag effect may occur even in the case of a long, 
flat wave surge. Fig. 25c confirms emphatically that measure- 
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ments must be made close adjacent to the test piece, particularly 
in the ease of very fast surges and when all damping resistance is 
removed from the surge generator circuit. 

Referring to Fig. 25p, the internal resistance R, was increased 


“to 200 ohms and a wave as shown in oscillograms Fig. 264 and 


B was recorded. The surge voltage was adjusted to a value 
appreciably above the sphere gap setting (18.75 em). Flashover 
took place on the rising front; the voltage as computed from the 
A.I.E.E. standards is a few per cent within the resistance 
potentiometer measurement. 


566 


Even for waves that are normally or are at times used in the 
laboratory, it is not justified to state that no time lag effect 
exists for sphere gaps. Neither can it be said that no polarity 
effect exists. When flashover takes place on rising fronts in a 
fraction of a microsecond, the time-lag effect then becomes more 
prominent. 

It cannot be over-emphasized, that the characteristics and 
the limitations of sphere gaps as used in surge voltage measure- 
ments need to be set forth more clearly. Surely present A.J.E.E. 
calibration curves cannot be used indiscriminately as a standard 
for surge voltage measurement. Mr. Clem suggests that ‘‘the 
range (of the sphere gap) should be more limited than when used 
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for 60-cyele measurements” and Mr. Peek states that sphere 
gaps be used up to separations not greater than one-half their 
diameter. These gentlemen then agree with our recommenda- 
tions on this point. 


4. Resistance—Cable Divider. 


Mr. Bewley analyzes at length the characteristics of the 
eable-type divider and arrives at the same conclusions which 
either are stated or implied in the writer’s paper. This coinci- 
dence is to be expected as the theoretical analysis presented by 
Mr. Bewley is essentially a reiteration of the work the writer 
originally covered; some of the generalized relationships in the 
original analysis were not found essential and were therefore 
omitted from the paper. Nevertheless Mr. Bewley is to be 
complimented for his analytical work. A great deal of the 
mathematical relationships he has given also is covered in the 
work of Heaviside, Carson, and in A.I.E.E. papers,® which 
Bewley himself has at various times contributed. 

The derivation of equation (2) in the paper is pointed out 
briefly and in simple form herewith as questions may have been 
raised as to its source. Let 


E =rectangular surge voltage applied (Fig. 3 of the paper) 

Ro = resistance of potentiometer (Ry may be in the order of a 
thousand times greater than either Z or Rr) 

Z = surge impedance of cable 

ZL = length of cable 

v velocity of propagation in cable 

Ry = terminal resistance 


The initial current and voltage waves set up in the cable at 
time t = Oare 
E 


19 = = 


Ro +Z Ro 


(very nearly) 


&. See for example: T'raveling-Wave Voltages in Cables, by H. G. Brinton, 
F. H. Buller, and W. J. Rudge, Trans. A.J.E.E.,!March 1933, p. 121-132. 
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The current and voltage at the terminal of the cable from time 


iy = to 
v 
3L 
= are 
v 
as 
T = Ry 
where er’ = ars Be 
eins Ce 


By successive reflections between the two ends of the cable 
that can readily be caleulated, the terminal current and voltage 
approach very nearly the steady values 
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Rr 

he E 
er R, 


The ratio between the terminal voltage upon the first reflection, 
1.€., er’ and the subsequent steady value er is then as stated in 
equation (2) of the paper. 

The effect of terminal capacity Cy due to the oscillograph 
plates, ete., obviously is negligible for wave fronts in the order 
of 4% microsecond and even less, as the time constant of the 
terminal impedance and the cable surge impedance only is a 
small fraction of the duration of the steepest front that would 
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Fig. 26—Oscittocrams A, B, C anp D 


at the present be measured. We have covered the subject on the 
effect of distortion and attenuation at sufficient length. A few 
hundred feet of cable may be permissible, provided it has the 
desirable characteristics of practically no distortion, no attenua- 
tion, and a practically constant surge impedance. 

It also is obvious that the inductance of the resistance po- 
tentiometer is of secondary importance and that only the 
distributed capacity need be considered. 

Let for example 


Ry = 10,000 to 50,000 ohms 
Cy, = 20 to 100 wut 
- L = 10 to 20 ph, 


0Cg 


then obviously the time constant is much greater than 
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L/R,. Therefore from a practical standpoint there is no need to 
consider the inductance of the potentiometer in analyzing the 
circuit of Fig. 13 of the paper. 

The writer’s analysis of the characteristics of the resistance 
potentiometer points out the essential elements of the problem. 
There are many other practical considerations which invalidate 
any attempt at too rigorous and detailed analysis. From a 
practical standpoint we see no need to enter into greater details 
at the present. 


VOLTAGE CALIBRATION OF 200 CM 
SPHERE GAP WITH RESISTANCE 
POTENTIOMETER AND COMPARISON TO 
CALCULATED CURVE 


+-CALIBRATION POINT WITH POSITIVE SURGE 
© CALIBRATION POINT WITH NEGATIVE SURG! 
CALCULATED CURVE 


(RELATIVE AIR DENSITY = 1.00) 


SPARK-OVER IN KILOVOLTS 


SEPARATION OF SPHERES IN CENTIMETERS 
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Mr. Fielder raises the pertinent question as to the values 
of Ry and C, which are representative. The values given in Figs. 
14 and 15 of the paper are conservatively high but nevertheless 
representative. These curves can readily be extended to the 
lower values of Ry and C, which frequently are found in practise. 

Fig. 25a and B compares the response of the resistance po- 
tentiometer (approximately 10 ft in length and 10,000 ohms 
resistance) to that of the capacity potentiometer. The voltages 
in this case are not measured at exactly the same point in the 
surge generator discharge circuit, but with the same oscillation 
superimposed on the exponential component of the wave the 
pertinent fact is that the surge voltage should rise to crest value 
at the same time for both the resistance and the capacity po- 
. tentiometers. This is demonstrated clearly by comparing the 
time required for the two waves to rise to crest value. Fig. 264 
and 8B is another comparison between the same resistance and 
capacity potentiometer. Fig. 26c still is another comparison, 
in this case the wave is of longer duration and is smooth along 
the front. Mr. Clem should find the above oscillograms of 
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interest as they show that it is possible to use the resistance 
cable divider as successfully for the short wave as for the long 
wave. 

5. Capacity Divider. 

Experience with the capacity potentiometer during the past 
year further substantiates the consistent and satisfactory results 
that had been obtained previously. The operation of the capacity 
potentiometer as arranged at the Sharon laboratory meets all 
practical requirements for the surge testing of transformers. 
It is gratifying to see that the capacity potentiometer lately has 
been adopted in other laboratories.? The oscillograms in Figs. 
25 and 26 and in the paper speak favorably for the capacity po- 
tentiometer. Provided the requirements and precautions men- 
tioned in the paper are followed, the objections raised by Mr. 
Foust and Mr. Lloyd are removed. 

The writer prefers the explanation of the theory of the capacity 
potentiometer as it is given in the paper. The relationships 
developed in Fig. 16 take care automatically of varying capacity 
due to space charges, which Mr. Foust mentions. It may be 
added that the shields have not increased appreciably the 
capaeity of the surge generator at Sharon. The capacity 
components of the capacity potentiometer in Fig. 18 of the paper 
are maintained constant by maintaining all metallic parts of the 
generator, such as static shields, sphere gap, etc., in a given 
position and also fixing the position of the pick-up elements and 
of the oscillograph plates. 

The following table illustrates the consistent sensitivity of 
the capacity potentiometer. This particular potentiometer is 
an adaptation of the one described in the paper and is used to 
measure surge voltages in the low voltage range from 100 kv 
to 400 kv. 


Resistance Auxiliary capacity 
potentiometer potentiometer 
Oscillogram Charging Deflection Voltage Defiection Kv per 
No. volts inches kv inches inch 
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.*Multiplier for resistance potentiometer 


10,250 + 43.36 


50 = 202 kv in. 
43.36 X 0.850 202 kv per in 


+Multiplier for resistance potentiometer 


10,290 + 43.36 $ ; 
= 43.36 X 0.850 = 203 kv per in. 


9. The Electric Journal, January 1933, p. 8. 


Circuit Breaker Protection for Industrial Circuits 


BY H. J. LINGAL* 


Non-member 


Synopsis.—The demand for continuity of service to customers, 
together with the need to reduce maintenance costs, and increase the 
safety to operators and property, has made it necessary to improve 
the protective devices used in the distribution circuit. In the past, 
this protection has been provided by knife switches and fuses. 
Limited interrupting capacity of knife switches, together with the 
possibility of abuse of the fuse, has made it impossible to obtain these 
desirable characteristics. 

Increase in design knowledge, the development of new materials, 
together with an increase in knowledge of arc phenomena, and of arc 
interrupters has made possible the construction of circuit breakers 
occupying small space. These same devices are capable of rendering 
performance superior to that given by older apparatus. At the same 
time, low cost to the user ts obtained, together with safer and more 


HISTORICAL 


ROTECTION of circuits from injury or destruc- 
tion, with the attendant danger to life and property 
has received continuous attention from engineers 

and designers all through the history of the distri- 
bution of electrical energy for power and illuminating 
purposes. Protection was necessary in the circuits 
chiefly to guard against danger created by overloads or 
unusually heavy current rushes due to short circuits or 
grounds on the circuit. Of these, the more important 
was probably the overload, as short circuits, while 
likely of frequent occurrence, were of small power and 
could readily be handled by simple devices. 

Protective devices then were of the most simple form. 
The sole object being to open the circuit, if necessary at 
the expense of destroying the protective device itself, 
and many times this was accomplished only after con- 
siderable damage to property. ; 

The oldest protective device was a section of the cir- 
cuit which melted when overloads occurred and discon- 
nected the source of power from the point of trouble. 
Early devices of this type consisted of simple copper 
wires, or other conductors having a fusing value less 
than the circuit. These were connected between binding 
posts or terminals, in air. Evolution in the art finally 
produced the fuse, and the knife switch which was the 
only recognized protective device until recently. 

Further development, and the necessity for better 
protection resulted in an enclosed fusible device *in 
which the interrupting capacity was not greatly im- 
proved, but a greater safety to apparatus and adjacent 
property was obtained. Later the fuse cartridge was 
filled with suitable powders or other materials, stil! fur- 
ther improving performance. 

As the demand for convenience, and protection in- 

*Westinghouse Elec. & Mfg. Co., East Pittsburgh, Pa. 

tWestinghouse Elec. & Mfg. Co., Mansfield, Ohio. 


Presented at the Winter Convention of the A.I.E.E., New York, 
N.Y., January 23-27, 1933. 
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satisfactory service. Safety construction of apparatus, together with 
tests of unusual severity, assure a product capable of providing a 
degree of protection to property and life which is considerably more 
than that obtained from knife switches and fuses, which in many 
cases can be tampered with and handled while the circuit is alive. 

The new circuit breakers are suitable for very broad application in 
all varieties of distribution circuits within the scope of their rating. 
Standardization of dimensions provides for economical application. 
The scope of application of these devices is the field now filled by 
knife switches and fuses, together with many applications in which 
small oil and carbon circuit breakers are now used. This field in 
general includes such applications as switchboards, panelboards, 


load centers, meter entrance equipment, and enclosed switches. 
* * * * * 


creased, some fuses were made in such a way that blown 
elements could be replaced readily. This was the refill- 
able fuse. All of the steps taken were improvements, 
either to obtain greater safety, better performance, 
more economical use, or to reduce maintenance. When 
open installations of fuses were used, it was common 
practise to increase the size of the fuse element to pre- 
vent the necessity for frequent renewals. In many cases 
circuits were badly overfused and all protection was 
lost. To obtain increased safety, fuses and suitable dis- 
connecting switches were combined together in a com- 
mon enclosure, access to which could only be obtained, 
in many cases, by capable and authorized operators. 
While safety was materially increased, the element of. 
convenience was lacking. 


DEMAND CREATED FOR IMPROVED PROTECTION 


The general speeding up of industry witnessed in the 
past two decades would not tolerate delay and incon- 
venience, and has demanded the replacement of any 
device not able to keep pace, or to meet the new de- 
mands made upon it. An open circuit must be reclosed 
without delay, as soon as the safety to men will permit. 
Carefully engineered circuit layouts planned to distrib- 
ute energy at the minimum cost of both distribution and 
installation require protection that will assist them to 
perform in the fullest manner the functions for which 
they were designed. Processes which in their perform- 
ance, demand continuity of supply, likewise make im- 
proved protective devices necessary. 

The modern industrial circuit must have dependable 
protection which cannot readily be tampered with. 
Careful engineering is wasted and safety sacrificed if 
someone destroys the value of protection by substitu- 
tion of protective parts of increased current capacity. 
The need for better circuit protection has been stressed 
for many years by fire underwriters and safety councils. 
Meanwhile the manufacturers of electrical devices have 
been working to provide better devices. 
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REQUIREMENTS 


Satisfactory protection carried with it the require- 
ments of: 


1. Being able to provide time delay to permit starting of 
motors, and other operations requiring temporary overload for 
their performance. 

2. Have sufficient interrupting capacity to handle any short 
circuit likely to occur on the circuit it is protecting. 

3. Ability to remove instantaneously a short circuit from the 
line being protected. 

4. Any satisfactory device must be capable of being operated 
repeatedly in a satisfactory manner, under any condition to 
which it may be normally subjected. 

5. It should be capable of being operated any desired number 
of times at the will of the operator. 

6. It must be built in such a manner that the operator will be 
safe while operating it. 

7. Accessibility and convenience are necessary. 

8. The device must not present a fire hazard in any respect. 

9. Its performance under unusual duty should not be noisy; 
or disturbing to the operator or those near it. 

10. It must be easy to apply, small in size, and low in cost. 


The circuit breaker was the only device available, 
capable of meeting most of the requirements, but the 
cost of a breaker of suitable rating and the space re- 
quired for its mounting prohibited, for many years, the 
adoption of the device. 


ACCOMPLISHMENTS 


Several years ago a small circuit breaker was built, 
the size of which had been reduced so that in use it oc- 
cupied about the same space as a switch and fuse of 
comparable rating. In this circuit breaker there was 
incorporated a modification of the deion arc interrupter. 
This breaker had the ability to perform every required 
function necessary for circuit protection. The first 
breaker was built in only the 15 amperes 125 volt size 
and had an interrupting rating of 5,000 amperes. See 
Fig. 1. Additional ratings have since been developed 
~ until now a line is available up to 600 volts and 600 
‘amperes as illustrated in Fig. 2. 

Circuit breakers of the conventional type commonly 
in use extinguished the are by drawing it to such a length 
as to cause it to become unstable. Such breakers were 
not suitable for the protection of branch circuits, be- 
cause of the space required for their installation. Before 
a satisfactory circuit protective device could be pro- 
duced, it was necessary to obtain an interrupting means 
which would greatly reduce the size of circuit breakers. 
Dr.Slepian used the theory of deionization to explain 
circuit interruption,* and suggested a mechanical design 
of a circuit interrupter which could be adapted to circuit 
breakers of the type which interrupt the circuit in air. 
O. S. Jennings atthe same time was developing the 
slotted plate extinguisher, for safety switches, which he 
applied to these circuit breakers with perfect success. 
By the aid of the principles which Dr. Slepian had pro- 


*Extinction of an A-C Arc, by J. Slepian, A.J.E.E. Trans., 
Vol. 47, 1928, p. 1398. 
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posed, these extinguishers were finally improved to 
provide safe interruption at voltages up to 600 volts. 
The interrupter shown on the breaker in Fig. 4 was the 
first form used on the Jennings switch referred to. This 
interrupter requires two plates for each 125 volts of line 
voltage to be opened. For example, one suitable for 
opening 250 volts would require 4 plates. As the voltage 
increases, two plates are added for each 125 volt in- 
crease. This interrupter consists of the arc drawing con- 
tacts shown at (B) in the same figure and the quencher 
of two or more steel plates (O). Upon parting the con- 
tacts (B), the are drawn is acted upon by two forces, 
first, the dense magnetic field produced in the angle 
created by the contacts and the arc tends to push it off 
of the contacts and into the slotted portion of the 
plates. In the slotted portion of the plates a magnetic 


Fig. 1—15-Amp, 125-Vout, SINGLE PoLe Crrcuir BREAKER 


field about the are and through the plates exerts a force 
which pulls the are to the magnetic center of the plates, 
at which point it stops moving until, at the end of the 
next current zero, when current has ceased to flow, the 
rapid deionization of a cathode layer on the plate sur- 
faces prevents restriking of the are, and the circuit is 
interrupted. 

For the higher voltages, and higher interrupting ca- 
pacities, more effective interrupting is obtained by the 
use of a deionizing quencher in which the long arc is 
divided into a number of short arcs, and is made to travel 
continuously in an annular path instead of stopping as 
described in the case of the quencher for lower voltage 
breakers. 

The interrupter for higher voltage breakers is illus- 
trated in Fig. 3, and is constructed in the following 
manner: 
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An extended portion of the main stationary contact 
is used, upon which to build the quencher, which is con- 
structed in the following manner. An arcing contact 
member designed to receive one terminal of the arc, and 
so shaped that the current in passing through it pro- 
duces a flux in the correct direction to increase the 
strength of the magnetic field, which drives the are to 
the narrow end of the tapered entrance to the plates, 


Fie. 2—600-Amp, 600-Vout, 3 PoLtr Crrcovit BREAKER 


is mounted on the main contact member and insulated 
from it. Upon this member and insulated from it, and 
from each other, are mounted four copper plates, each 
of which is set into a steel plate. Next, a five turn coil, 
the terminals of which are fastened to two plates, one 
of which is assembled on either side of the coil and insu- 
lated from the plates adjacent to it and from the turns 
of the coil. On the top of the coil assembly there is as- 
sembled three more combination plates, and a cover 
plate. Between each plate and the one next to it an 
annular raceway is formed by the plates and insulating 
members. The top plate of the whole assembly referred 
to as the cover plate, is electrically connected to the 
moving contact through a shunting member. A hollow 
steel stud solidly connected to the extended portion of 
the main stationary contact projects through, and is 
insulated from the plates and coil. This serves the triple 
purpose of holding the entire assembly together; provid- 
ing a portion of the magnetic circuit for the coil which 


LINGAL AND JENNINGS 


Transactions A.J.E.H. 


produces the flux which drives the are on the annular 
portion of the plates. Being hollow, it also provides for 
the passage of a screw which is used to secure the 
quencher to the breaker frame, and at the same time 
acts as a portion of the conductor to carry the current 
during the period of arcing from the arcing tip back to 
the breaker terminal. The circular raceway on the cop- 
per plates is obtained by cutting out the center of the 
insulating material, used between the plates, to the size 
and shape of the raceway desired, thus permitting the 
arc to extend from plate to plate. Copper is used in the 
plates on which the arc is carried, because an arc will 
move freely over the surface of a copper plate, whereas, 
it lags, or refuses to move on most other materials. 
The action of the magnetic field set up by the are in 
conjunction with the roughly U-shaped steel plates is 
used to move the are from the contacts into the 
quencher, and on to the copper plates, where it is broken 
into a number of short ares. At this point the are comes 
under the influence of a magnetic field produced by the 
coil, which is located in the center of the plate structure. 
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A Interrupter—showing path of current—breaker closed 

B Interrupter—showing path of current as contacts part 

C Interrupter—showing flux fields produced by the current in the arc, 
and conductors, as the contacts part 

D Interrupter—showing path of current, and flux field when arcs have 
been transferred to deion plates 

E Interrupter—showing flux field causing arc to move on plates 


Actuated by this field, the arc is caused to travel about 
the annular path at a high speed (1,100 ft or more per 
second). 

Referring to Fig. 3A, the breaker contacts are shown 
in the closed position, and the path of the current is then 
through the extended portion of the main stationary 
contact, and the contacts themselves as shown by the 
arrows. In Fig. 3B, the contacts are shown open with 
an are drawn between them. The path through which 
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the current flows is now, from the terminal end of the 
stationary part of the main contact, to the stud in the 
center of the stack, then through an extension of the 
arcing tip member, the arcing tip, then through the are 
to the moving contact member. Fig. 38 illustrates the 
flux field produced by the current during a moment 
when the current is flowing through the portion of the 
circuit and the arc is shown at Fig. 8A. The local flux 
around the arc, the flux in the iron plates, and the flux 
from the current in the turn producing the entering field, 
all combine to force the are to travel at high speed to 
the end of the tapered entrance where it ceases to exist 
as one long arc, by being broken into a number of short 
arcs as shown in Fig. 8p. At this time the coil which 
produces the radial field is inserted into the circuit in 
series with the short ares. The flux field produced by the 
radial field coil is shown in Figs 3D and 38. This flux 
acting with the flux in the field produced by the short 
arcs, will cause the arcs to move in the direction shown 
in Fig. 35, thus producing the motion and speed neces- 
sary to prevent formation of molten spots or hot cath- 
odes on the copper plates. If the time selected for con- 
sideration of the current path, and fields produced, 
should have been one-half cycle earlier, or later, the 
direction in which the current is shown to be traveling 
would be reversed. Likewise, the direction of the flux 
in all the separate fields would have been opposite to 
the direction shown. This change in the direction of the 
current, and the flux fields, would still produce the same 
direction of motion in the arc, as can be observed by re- 
versing the direction of all the arrows in the illustrations 
Figs. 3B-3¢. 

The are having been broken into a number of short 
ares, and caused to move by the means just described, 
continues to travel in the annular path until a current 
zero is reached. At this time, if the contacts have sepa- 
rated a sufficient distance to prevent restriking, the arc 
will be extinguished. In case sufficient separation may 
not have been obtained between the contacts to prevent 
restriking through the air, the process of drawing the are 
to the end of the tapered entrance, breaking it into short 
arcs, and moving it around the annular path would be 
repeated, until the contacts have opened a sufficient 
distance to prevent restriking. 

The selection of materials for contacts was difficult 
because there had not been sufficient demand to warrant 
their development up to this time. After much research 
and testing, it was found that certain mixtures of graph- 
ite and silver made a contact member suitable for the 
lower current breakers as this contact had a low resis- 
tance, resisted arcing, and would not weld. This ma- 
terial was suitable for use on breakers normally rated 
100 amperes or less. Difficulty was encountered in its use 
on breakers rated 200 amperes or more, which made it 
necessary to continue research work still further. The 
result was the selection of silver and tungsten combina- 
tions for breakers rated normally at more than 100 am- 
peres. A further division was necessary because the arc- 
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ing could not be taken on the main current carrying con- 
tacts of the higher current breakers, which made it 
necessary to separate the arcing portion of the contact 
from that portion which is intended to carry the normal 
load. Here again it was necessary to select different 
materials for the arcing contacts and main contacts. 
The main contacts required a material having resistance 
to welding, and low contact resistance at all times. 
Silver was the best material available, but was unsuit- 
able because of its tendency to weld when carrying 
heavy current. To overcome this fault, a combination 
was developed in which the material was silver mixed 
with tungsten, molded under heat and pressure. 

For the arcing contact parts another combination of 
the same materials was used in which the percentages of 
the different materials was changed to increase the 
tungsten and decrease the silver content, which, while 
it lowered the ability of the contact to carry current 
continuously, greatly increased its capacity to withstand 
the destructive action of the are. 


Fig. 4—Srction THrovueuH 15-Amp, 125-Vott BREAKER 
SsHowine Details or Contracts AND MECHANISMS 


A Frame G Fulcrum for Jatching cradle 
B Contact bar H Fulcrum for contact bar 

C Operating handle J Fulcrum for operating handle 
D_ Latching cradle K Latch 

E Toggle linkage M_ Bi-metal 

F Operating springs 


Operating mechanisms commonly used for operating 
breakers did not possess all of the requirements needed, 
and a new design was brought out which was trip-free 
of the closing handle in all positions when the trip mech- 
anism was actuated. It also was quick-make and quick- 
break, and held the contacts in the closed position by 
means of an over-center toggle, which is broken by 
changing the position of the fulerum point on the latch- 
ing cradle when the trip latch is released. The mechan- 
isms used on all breakers are built to incorporate the 
same general principles although it is necessary to make 
structural changes in size and shape of the parts to make 
them suitable for the different sizes of breakers on which 
they are used. Fig. 4 shows a 15-ampere breaker in 
which the case has been cut away, to permit a view of 
the mechanism which, while of the smallest size, is 
typical of the mechanisms for the entire line. The 
mechanism is assembled from and consists of the parts 
as shown in the illustration. 
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The frame member (A) is designed to provide the 
necessary bearings and fulcrums essential to the opera- 
tion of the mechanism. On this member is fulcrumed 
at (H) the contact bar (B). The contact bar is operated 
through its travel by means of the toggle links (ZH) which 
are fulcrumed at one end on the contact bar and on 
the other end to the latching cradle (D). The latching 
cradle (D) is fulerumed on the frame at (G) and latched 
on the bi-metal at (K). Operating springs (/’) have one 
end secured to the hinge pin of toggle links (e) and the 
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Fig. 5—Curve SHOWING TEMPERATURE RISE ON RUBBER- 
CovEeRED WIRE WHEN Carryina Its Ratep CURRENT, AND 
PROTECTED BY A BREAKER OF PROPER RATING 


1. No. 14 rubber-covered wire protected by a 15-ampere AB deion circuit 
breaker 

2. 220,000-cir mil, rubber-covered cable protected by a 225-ampere AB 
deion circuit breaker 

* At1,000 per cent and above, the 225-ampere breaker trips instantaneously 


other end to the operating handle (C). Assuming the 
breaker to be in the open position and the latch at (K) 
disengaged, the operations to reclose the breaker are as 
follows: 

The operating handle is moved toward the bi-metal 
forcing the end of the latching cradle into engagement 
with the latch member on the bi-metal at (K). The 
mechanism is then in the reset position and ready to 
reclose the breaker. Pushing the operating handle (C) 
toward the contact end of the breaker increases the 
tension on thesprings (F’) and when movement continues 
further the direction of the pull on the toggle links is 
moved from one side of the center line of the upper link 
to the other side of the same center line. The pull of 
the springs then cause the toggle linkage to move to the 
opposite side of the center line of the on toggle position. 
In doing so, the contact bar is moved at high speed 
from the open to the closed position and locked against 
opening by means of the over-center toggle. To open 
the breaker manually the operating handle is pulled 
downward, toward the latch, and until the direction of 
pull of the operating springs, one end of which is moving 
with the handle, has been transferred to the opposite 
side of the toggle center when the springs being under 
considerable tension pull the toggle over center in the 
direction to open the contacts. Since the springs are 
under full tension at this time, the movement of the 
toggle linkage and the contacts will be very rapid. In 
opening automatically, the latched end of the latching 
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cradle (D) is released at (K) by the movement of the 
bi-metal (7) which on the breaker shown carries all the 
current passing through the breaker and is caused to 
deflect away, from the latching cradle, by the heat 
generated init. The latching cradle upon being released 
moves upward and shifts the upper fulcrum point of the 
toggle linkage to a point on the opposite side of the line 
of pull of the operating springs, whereupon the toggle 
is free to move to the collapsed position carrying with it 
the contact bar to the full open position. 

The complete line of breakers are tripped automati- 
cally on overloads by means of bi-metal tripping ele- 
ments which provide inverse time delay tripping because 
of their thermal characteristics. The bi-metals used on 
breakers rated normally at 100 amperes or less are 
heated directly by the passage of current through them. 
Bi-metals on breakers rated more than 100 amperes do 
not carry the current, but are heated indirectly by means 
of heaters, which are in series with and form a part of the 
conductor through the breaker. Breakers rated 70 am- 
peres or more are also provided with a solenoid trip oper- 
ated by a one-turn series coil. These trips are normally 
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set to function at about ten times the normal rating of 
the trip element, and having no time delay enable the 
breakers to clear a line in case of a short circuit in a very 
short time. 

Breakers rated at less than 70 amperes do not have the 
instantaneous trip. In such cases the series bi-metal is 
heated directly by the passage of current through it and 
consequently reaches a temperature which will produce 
sufficient deflection to cause tripping in less than one- 
eighth of a cycle of 60-cycle current at interrupting 
rating. 
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Tripping elements are built integral with, and cali- 
brated in the breakers for rating less than 70 amperes, 
but for breakers of larger current rating they are built as 
a unit, calibrated, and sealed, and are interchangeable. 
Likewise, it is possible to equip any breaker normally 
rated 70 amperes or more with trips having a normal 
current rating of 50 amperes or more up to the rating of 
the breaker. In order to meet requirements of the 
underwriters, all tripping elements are sealed to prevent 
tampering or changing of their calibration by unauthor- 
ized persons. 


The bi-metals are designed with a time current curve 
that always will protect the conductors of a circuit on 
which they are used, if correctly applied. 
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The curve shown in Fig. 5 shows the temperature rise 
in No. 14 rubber covered wire when protected by a 
15-ampere deion circuit breaker and a 200,000-cir. mil 
cable protected by a 225-ampere breaker. At 125 per 
cent load the wire temperature rises about 16 deg C 
and the breaker opens ultimately, while at 30 amperes 


the rise is but 5 deg C and the opening time is 20. 


seconds. At 150 amperes the temperature rise is 20 deg 
C and the opening time of the breaker is one second, for 
the 15-ampere breaker. The curve for the 200,000- 
cir mil cable shows slightly different characteristics, as 
the temperature at the higher current is less than for the 
smaller wire. 


Figs. 6 and 7 show characteristic band curves illus- 
trating the performance of breakers rated from 15 am- 
peres to 225 amperes inclusive. 

The Underwriters’ Laboratories requirements under 
which the type ‘“‘AB” circuit breakers are listed, are as 
follows: 
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1. Non-tamperable. 

2. Trip free of handle. 

3. Unless rated alternating current, only, all tests to be made 

on direct current. 

4. Overload test. 

50 operations at 150 per cent load. 
15 operations at 1,000 per cent load. 
. Endurance test. 
6,000 operations at 100 per cent load. 
Not over 6 operations per minute. 
6. Calibration test at 24 deg cent 
Q—30-ampere ratings must trip in 1 minute at 200 per 
cent load. 
31—60-ampere ratings must trip in 2 minutes at 200 per 
cent load. 
61—100-ampere ratings must trip in 4 minutes at 200 per 
cent load. 
101—225-ampere ratings must trip in 8 minutes at 200 per 
cent load. 
226—400-ampere ratings must trip in 15 minutes at 200 
per cent load. 
401—600-ampere ratings must trip in 20 minutes at 200 
per cent load. 
. Ultimate trip 125 per cent load. 
. Carry continuously 100 per cent load. 
. Temperature test. 

Current carrying parts, except thermal elements, must 
not exceed 30 deg cent rise when carrying rated current at 
rated frequency. The thermal elements of breakers rated 
at 225 amperes and above are replaced with copper bars 
when this test is made, as in the ease of safety switches. 

10. Short-circuit tests. 

A d-e rated circuit breaker must be short-circuited three 
times at two-minute intervals at rated voltage on a circuit 
set to give a line drop equal to 2 per cent of the rated volt- 
age with rated current flowing, except the short-circuit 
current must not be less than 5,000 amperes and not more 
than 10,000 amperes. 

An a-e rated cireuit breaker must be short-circuited 
seven times at two-minute intervals at rated voltage and 
rated frequency (60 cycles if none is specified) and 40 to 
50 per cent power factor on a circuit set as above for d-c 
breaker. One three-phase short circuit and six single- 
phase short circuits are made all at not less than two- 
minute intervals. Of the single-phase short circuits, two 
are made on each pole, one OCO and one CO. The circuit 
is set as above for the three-phase short circuit and this 
same circuit is used for single-phase short circuit. 

11. Check breaker tripping at 200 per cent load. 
12. Insulation test. 

1,000 volts plus twice rated voltage between live parts 
and ground—opposite polarities—line and load contacts 
with breaker open. 


or 
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Oscillogram A illustrates the performance of a 225- 
ampere breaker opening 10,000 amperes at 580 volts 
alternating current, 60 cycles, 40 per cent power factor. 

The diagram in Fig. 8 serves to illustrate typical lo- 
cations where breakers are suitable for use. At the ex- 
treme lower left the service enters a building. Beyond 
this point the main feeder is protected by a breaker at 
the service. From this main are taken various feeders. 
The first on the left is one for elevators, the motors for 
which may be located, for example, in a penthouse at 
the top of the building. The circuit for each elevator is 
in turn protected by a breaker. 

Next is a feeder for a power panel, located on one of 
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the upper floors. The next circuit shown is a lighting 
feeder which would serve the lighting panelboards for 
the building, or a section of the building. The last is a 
power feeder from which has been tapped a sub-feeder 
protected by a circuit breaker. From this sub-feeder are 
taken the various motor circuits. 

The breakers shown at the main might be individual 
breakers in boxes, in the form of a switchboard, or in 
panelboard form, depending on the number of circuits 
and the nature of the building. The grouping of motor 
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circuits might be accomplished in any one of these ways. 
Since the breaker mechanisms are all identical, the same 
performance would be obtained no matter what form 
the housing takes. Fig. 9 has been selected to illustrate 
some applications of the breakers to motor circuits. In 
this illustration, circuit No. 5 is one frequently found in 
practise. Immediately ahead of the motor is a motor 
starter with overload protection. The function of the 
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starter is to operate the motor and protect its coils. 
Normally the protection afforded by the starter would 
protect the motor from excessive overloads whose value 
does not rise above the locked rotor current. 

The overcurrent device in the starter is designed to 
act with greater time lag than the circuit breaker, but 
in securing this lag the ability of the starter to interrupt 
current is reduced to approximately the locked rotor 
current of the motor. In the illustration, a breaker is 
placed immediately ahead of the starter. The function 
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of the breaker in this case is to disconnect the starter 
and motor from the line, and to protect the starter, and 
motor from currents greater than the capacity of the 
starter to interrupt. In order that the time lag in the - 
breaker will be sufficient to permit the starter to func- 
tion on overloads within its rating, the trip element in 
the breaker is selected so that it will operate faster than 
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the starter at about locked rotor current. It is obvious 
from the position of the starter, that it cannot give pro- 
tection to anything but the motor itself, while the circuit 
breaker located at the source of the circuit affords pro- 
tection for the entire circuit, starter, and motor. 
Circuit No. 4 shows the motor very close to the circuit 
breaker. In this case the switching function of the 
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breaker may be utilized to omit the motor circuit switch. 
Circuit No. 3 shows a group of motors of the same size. 
If desired, one motor circuit switch may serve to discon- 
nect all the motors. Circuit No. 2 is essentially the same 
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type except that one motor has the capacity of more than 
40 per cent of the total. Circuit No. 1 serves to illustrate 
a circuit in which it is not desirable to depend on the 
breaker at the origin of the feeder for protection, be- 
cause a short circuit at any one of the motors would in- 
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terrupt the operation of the others; for this reason a 
circuit breaker is placed on each separate motor circuit, 
even though conditions do not require such protection 
from a safety standpoint. If these are short taps, the 
motor circuit switch may be omitted. 

At the present stage of development, the circuit 
breakers do not serve all of the purposes of a motor 
starter, and it is essential in many cases to use both the 
breaker and starter. In some cases, however, the break- 
ers will perform all of the functions required, giving the 
required protection to both the motor and circuit. 
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The curves in Fig. 10 show the difference in shape 
between a typical motor starter and a typical AB 
deion circuit breaker. The motor starter curve is plotted 
to show a tripping at 125 per cent of terminal ampere 
rating of amotor. The circuit breaker is plotted to carry 
250 per cent of the motor full-load current. It is to be 
noted that the curves of the breaker and the starter 
cross about locked rotor current. As just described, due 
to the conditions surrounding a motor circuit, it is not 
desirable to have the circuit breaker trip below the 
pull-out load of the motor. 

The small circle between the two curves represents 
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the point established by the Underwriters’ Laboratories: 


as the maximum permissible time at which a motor 
starter shall trip at 200 per cent load,* which is, as pre- 
viously stated, under the Underwriters’ Laboratories 
standard for circuit breakers.t 


If the circuit breaker curve were plotted to start at a 
lower ratio to the motor starter, it would cross the motor 
starter curve at correspondingly lower overload. If this 
ratio were still further reduced, it would be possible to 
reach a condition where, in ordinary plant operation, 
the breaker would trip before the starter. 


The difference in the shape of the two curves in Fig. 10 
is necessary because of the difference in the heating 
characteristics of motor windings and rubber-covered 
wire. As the size of rubber-covered wire increases, it 
more closely approaches the motor in thermal overload 
characteristics, permitting a decrease in the ratio of 
sizes. The National Electric Codet states that motor 
circuit overcurrent protection shall have a continuous 
current carrying capacity of at least 115 per cent and 
never more than 250 per cent in the case of time limit 
circuit breakers applied to motors of not over 30 
amperes. At about 30 amperes 20 per cent only is 
allowed. 

The design of all sizes of breakers has been carefully 
worked out to permit economical assembly, interchange- 
ability, and convertibility. It is possible to use the 
breakers either singly, or to bank them in groups as 
shown in Fig. 11, which illustrates a lighting panel in 
which breakers ranging in size from 15 amperes to 600 
amperes can be assembled. In such an assembly 
breakers rated 50 amperes or less occupy one-fourth the 
space of a 225-ampere, or 600-ampere breaker. Break- 
ers rated at 100 amperes occupy one-half the space of a 
225-ampere, or 600-ampere breaker. In all cases it is 
assumed that the breakers are of a like number of poles. 
It is possible to remove the two 100-ampere breakers 
from the assembly shown in Fig. 11, and replace them 
with a 225-ampere, or 600-ampere breaker. Likewise, 
12-single pole, 15-ampere breakers may be removed and 
be replaced in the same space with one 600-ampere 
breaker, or one 225-ampere breaker. 

It is not always desirable to use the type of construc- 
tion shown in Fig. 11. The breakers are suitable for 
many other types of installation, and Fig. 12 illustrates a 
representative form of distribution switchboard acces- 
sible from the front for inspection. 

Another form of construction adaptable to the eco- 
nomic grouping of breakers for power panels or switch- 
boards is shown in Fig. 18. This method is more ex- 
pensive than the method referred to in the previous 
paragraph, but provides greater accessibility, and at the 


*Refer to Underwriters’ Test Procedure E-7819. 

{Time established for 200 per cent of circuit breaker rating is 
1 min for breakers up to 30 amp, 2 min for 60 amp, 4 min for 100 
amp, and 8 min for 200 amp. 

tPage 119, Article 8, Sec. 808, Sub-C, and page 131, Article 
8, Sec. 808, Table 6. 
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same time enables the circuit breaker to be completely 
disconnected from the bus. 


Discussion 

R. E. Hellmund: The desirability of replacing fuses and knife 
switches by suitable breakers has been pointed out in the paper 
and it is so obvious that it may cause wonder why it has not 
been done long ago. However, a study of the paper reveals that 
a great many engineering and research problems had to be solved 
before a suitable device was even possible. It is not obviously 
an easy problem to condense into a few cubic inches, an operating 
mechanism having quick make and break features for automatic 
or hand operation, trip free of the handle, a tripping mechanism 
with thermal features, contacts, and arcing space, alt sufficiently 
large to handle 5,000 to 10,000 amp. Besides working out the 
structural design features, it required research and development 
on new are rupturing methods and principles, new contact 
materials, new materials for the thermal elements, ete. These 
factors which are mentioned in the paper represent however, only 
a part of the problem. The testing with large rupturing currents 
in line with the underwriters’ laboratories requirements, which 
for obviously practical reasons are and must be limited in number, 
had to be supplemented by numerous other tests. These in- 
cluded tests to determine the adequacy of the breakers on both 
direct current and alternating current, with various combina- 
tions of circuit constants such as resistance and inductance; with 
variations in damping effects in the circuit devices; with different 
locations of the impedances ahead or behind the breakers; with 
different grounding conditions and with different values of many 
other variables. It is true enough that the same variations were 
in the past encountered with fuse protection but the fuse had the 
advantage of gradual development and accumulation of experi- 
ence with the-growth of the electrical industry as a whole, while 
these breakers must at once meet the varied requirements of a 
fully established industry. Also as compared with a single 
operation of a fuse, many repeated operations, with a maintenance 
of operable conditions, are required of the breakers. 

However, there is one more rupturing problem encountered 
with circuit breakers, the importancé of which is not generally 
appreciated. A fuse is never called upon to rupture currents be- 
low those which cause it to melt. With a breaker permitting 
hand operation, an ability for handling these smaller currents is 
of course required. With open breakers and knife switches 
permitting wide separation of contacts these smaller currents 
present no difficulty. However, with the space limitations of 
these inclosed breakers, special provisions and features are re- 
quired to take care of them and under certain conditions the 
problem fully is as difficult as that encountered with the maxi- 
mum rupturing currents. Literally hundreds of thousand of 
tests were made to check all these conditions and assure coverage 
of probably 99.9 per cent of the possibilities which may be 
encountered in practise. 

Even with all this, cases ean be imagined where a breaker may 
be used with one of the higher d-c voltages in a circuit with 
extremely high inductance and no damping effects in the ap- 
paratus to be handled (air core inductance) where current rup- 
ture will not readily be accomplished. Of course it would be 
uneconomical to design for such extreme cases representing 
perhaps 1/100 per cent of the possible applications. 

The number of tests and checks which were necessary with 
regard to the thermal trip elements were of the same order as 
those in connection with rupturing ability. Besides the features 
mentioned in the paper the ambient air temperatures had to be 
studied in combination with the influence of conductors, current 
carrying joints, other breakers and many other heat generating 
parts which may be mounted in close proximity to a breaker. 

These are but a few of many additional items which add to the 
extreme complexity of a design problem which on the surface 
may look comparatively simple.’ 


Oi, ao. Se 


Variable- Voltage Oil Well Drilling Equipment 


Comparison of Characteristics of Various Combinations 
of Motors and Generators 
BY A. H. ALBRECHT* 


Member, A.I.E.E. 


Synopsis.—/n the past, there have been many operating data taken 
and used in the comparison of the characteristics of various types 
of prime movers. However, there has never been a method estab- 
lished for the comparison of these equipments on a common basis. 


In this paper, such a method has been proposed. Although it deals 
only with internal combustion engine direct-current electric drives, 
with varying electrical characteristics, this method may be ad- 
vantageously used for the comparison of other types of prime movers. 


- ARIABLE-voltage direct-current drives are the 
most recent advance in electric oil well drilling 
equipment and have been successfully used by 

both the cable tool and the rotary method of drilling. 

In the case of cable tool drilling, which consists of 

merely raising and dropping a heavy bit by means of a 

walking beam, the characteristics of d-c equipment re- 

sult in improved motion of the drilling tool and in 
reduction of the time required for withdrawing the tools 
from the hole. 


Rotary drilling, with its greater power requirements 
and greater complexity of operations, shows a more 
marked improvement when performed with d-c equip- 
ment than does cable tool drilling. 


There are two fundamental operations when drilling 
by the rotary method, namely, the drilling operation 
and the hoisting operation. When drilling, hole is made 
by the downward pressure and cutting action of a 
revolving steel bit. The bit is rotated by means of a 
long steel pipe, extending from the drilling tool upward 
to a power driven rotary table mounted over the mouth 
of the well. Although the table has a positive grip on the 
drill stem, the latter is free to move vertically through 
the table while it is in motion. 


To the top of the drill stem a swivel is attached, 
which provides a means of suspending the stem in the 
well, allowing it to rotate with the table, while the upper 
part of the swivel, the hoisting block and supporting 
cable, remain stationary. The drill stem and swivel are 
hollow so that mud can be pumped down the drill pipe 
to the drilling bit and out into the well through suitable 
holes in the bit. This fluid picks up the material 
loosened by the bit and carries it to the surface through 
the space between the drill pipe and the walls of the 
well. This circulation of fluid through the well is main- 
tained by the pressure of two pumps connecting through 
a flexible hose to the swivel on top of the drill stem. 


The swivel, drill stem, and bit may be raised or low- 
ered in the well by means of a steel cable, operating 
through a hoisting block strung from the sheaves at the 
crown of the derrick. The free end of this cable passes 

*Standard Oil Co. of California, La Habra, California. 
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down the derrick and is wound ona hoisting drum. This 
drum is a part of the drawworks which serves as a 
distribution center for all power-driven parts of the 
rig except the pumps. A system of chains, sprockets, 
and clutches is so arranged that normally, four-speed 
ratios may be obtained at the drum. 

In order to replace a dulled bit, the entire drill stem 
must be withdrawn from the hole and is accomplished 
by removing the drill pipe in approximately 90-foot 
sections. During this operation, the hoist motor is 
loaded to its maximum capacity, for it is customary to 
hoist the drill stem at the greatest practical speed. 
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Fig. 1—ComBination 1 


When returning the drill stem into the well, it is neces- 
sary to raise the empty elevators as rapidly as practical. 

For performing the complete hoisting cycle in the 
most satisfactory manner, it is necessary that the hoist- 
ing motor be capable of exerting high torque for short 
periods of time, have a high no-load speed, and be 
capable of being reversed quickly. 

The pumps used for circulating the mud are called 
upon to operate over a wide range of pressure and vol- 
ume. In case the bit becomes plugged, it is desirable 
that the pump stalls at a safe working pressure. 

In order to perform all of the pump operations satis- 
factorily, it is essential for the mud pump motor to have 
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a high no-load speed, a definite limit of maximum torque 
and, because of the continuity of operation, to operate 
efficiently at all speeds. 

A typical installation of a variable-voltage drilling 
equipment consists of a power plant (see Fig. 5) located 
at a safe distance from the drilling rig, and two motors 
located in the drilling rig. 

The power plant consists of two d-c generators with 
direct-connected exciters. These generators may be 
driven by an a-c electric motor, taking energy from the 
usual power supply, or they may be driven by steam or 
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by internal combustion engines. All of the installations 
made to date have used the internal combustion engine 
drive. The requirements for the prime movers are that 
they have sufficient horsepower capacity, good speed 
regulation, and low operating costs. 

One motor drives the drawworks and is used for either 
drilling or hoisting and the other motor drives the mud 
pump. During the drilling operation, one generating 
unit supplies power to the drilling motor and the other 
generator to the mud pump motor. During the hoisting 
operation, however, as the mud pump is not ordinarily 
used, the power from both generators is supplied to the 
drilling motor. 

In view of the different operating characteristics ob- 
tainable by the use of various types of motor and genera- 
tor windings, and interconnections between machines, 
an investigation was carried on to determine which 
combination was best suited for rotary drilling. This 
study included the following combinations: 

1. Differential generators designed for series connec- 
tion, supplying energy to a shunt drilling motor. 

2. Differential generators designed for parallel con- 
nection, supplying energy to a shunt drilling motor. 

3. Differential generators, designed for series connec- 
tion, supplying energy to a compound drilling motor. 

4. Shunt generators, designed for series connection, 
supplying energy to a compound drilling motor. 
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Each of these combinations uses the variable-voltage 
system of control. When the two generators are con- 
nected in series, to supply full power to the drilling 
motor for hoisting, the drilling motor is operated on 
double voltage, thereby doubling the motor speed and 
horse power. However, neither the motor ampere input 
nor the available motor torque is changed. 

When the two generators are connected in parallel to 
supply the total power to the drilling motor, the voltage 
applied to the drilling motor remains the same as when 
one generator is connected to it. However, the available 
current is approximately doubled, thereby doubling the 
horse power output of the drilling motor. 

Combinations 1, 3 and 4, as listed above, use the 
series connection of generators and combination 2 uses 
the parallel connection of supplying maximum power to 
the drilling motor during hoisting. 


POINTS OF CONSIDERATION 


In order to make a complete study of the series and 
parallel connections under discussion, the following 
points are considered: 

. Suitability of operation. 

. Relative first cost and operating charges. 
. Relative installation costs. 

. Relative safety. 

. Choice of size of equipment. 

. Choice of electrical characteristics. 
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Showing internal combustion engines, direct-current generators and 
exciters 


Since this is a comparison of electrical equipment and 
schemes of arranging electrical equipment, the draw- 
works efficiencies are considered to be one hundred per 
cent. The excitation is considered constant in all 
combinations. 


1. Suitability of Operation. 


Parallel Connection. It is necessary to use differential 
compound generators for parallel operation in oil well 
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service. These generators have two fields; namely, a 
separately excited shunt field, and a differential self- 
excited field. The differential series field opposes the 
shunt field, thereby causing the generator voltage and 
consequent motor speed to droop with increase of load. 
This characteristic permits adjustment of the generator 
output to a value such that the prime mover cannot be 
stalled during normal engine operation, consequently 
preventing the overloading of the prime mover. 
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Fic. 2—ComBInaTIon 2 


Assume two differential generators are being operated 
in parallel, driven by separate engines. If, for any reason 
one engine slows down, the voltage of its generator 
drops, causing a partial transfer of load to the other 
generator. This transfer is momentary and when sta- 
bility is. reached, the resultant voltage and kilowatt 
output of the slower generator is slightly reduced. The 
division of load on the generators is in proportion to the 
respective engine horse power output. Any difference 
in engine speeds causes an unequal division of load cur- 
rent between the generators, the machine running at the 
higher speed supplying the larger part of the current. 

Series Connection. Successful operation of duplicate 
d-c generators in series is attained with either shunt- 
wound or differentially compound-wound types of 
generators. 

If duplicate d-c generators are being operated in 
series and the speed of one engine decreases, the output 
of its generator decreases in proportion. As the current 
output is not affected, the available motor torque re- 
mains unchanged, but the motor speed is reduced in 
proportion to the decrease of terminal voltage. Re- 
gardless of the condition of operation, there is no trans- 
fer of load current between generators. However, both 
machines can become equally overloaded. 


2. Relative First Cost and Operating Charges. 


The first cost of the series connected and the parallel 
connected combinations should be practically the same. 
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Experience has shown that if the equipments are prop- 
erly designed for their operating voltages there will be 
no appreciable difference in operating cost. 


3. Relative Installation Cost. 


The only difference in the installation costs of either 
of the four combinations is in the wiring. Because the 
current is doubled when hoisting with the parallel- 
connected equipment, the wire to the drilling motor 
must be approximately double in size to that used for 
series-connected equipment, for the same voltage drop. 


4. Relative Safety. 


From a safety standpoint, there is very little advan- 
tage to be gained by the choice of either equipment. In 
both cases, the combined no-load voltage of either the 
hoisting or drilling connection is below 600 volts. As 
rubber covered wire used in these installations is rated 
at 600 volts with a safety factor of five, and as all live 
parts are normally protected, both connections are 
equally safe. In case of trouble the plant operator and 
not the drilling crew makes the necessary repairs. 

As a specific example of voltage values of generators 
operating in series and in parallel the following may be 
considered. The combined no-load voltage of two 
generators in the series combination is approximately 


Vinw or Derrick FLoor 


Showing rotary table with upper end of dull stem, also front view of 
drawworks with driller, on the extreme left. The other four men are 
members of the rotary crew 


580 volts. The no-load voltage of generators in the 
parallel-connection equipment is approximately 450 
volts. The full-load voltage of the generators in each 
combination is 250 volts. If two generators designed 
for parallel operation were connected in series, the 
combined voltage would be unsafe but when the genera- 
tors are designed for a particular connection, the com- 
bined no-load voltage of either connection is below 
600 volts. 
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5. Choice of Size of Equipment. 

A comparison of characteristics might be made of 
equipment having any assumed value of horse power. 
In the comparison made here a power plant equipment 
consisting of two 200 hp engines driving 125-kw genera- 
tors is chosen because this capacity is considered suffi- 
cient for present-day drilling. 

The drilling motor, taking power from both engine- 
driven generating units when hoisting, should be de- 
signed to have a maximum output of 281 hp. This 


Controut Casinet LocaTteD IN GuNERATOR HoussE 
SHowine Merers anp AUXILIARY SWITCHES 


value represents the combined engine ratings less losses 
and auxiliary power. It is essential that the character- 
istics of the drilling motor and the generators be such 
that the prime mover will operate at its maximum out- 
put over the widest possible range of torque and speed. 

The horse power ratings of electrical equipment are 
the same for either of the combinations being con- 
sidered; however, the electrical characteristics are 
widely different. 


6. Choice of Electrical Characteristics. 


General. One of the most important duties of any 
type or kind of equipment used for drilling oil wells is 
to hoist strings of drill pipe. It is, therefore, reasonable 
to assume that the best combination of generator and 
motor characteristics for such work is that in which the 
engines driving the generators will be loaded to their 
normal capacity for the maximum time of the hoisting 
cycle. 

In order to make a true comparison of the character- 
istics of these various equipments and eliminate dif- 
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ferences in types and ratings, their speed-torque charac- 
teristics are converted into fast-line speed and fast-line 
pull, (the fast line being the one wound directly on the 
hoisting drum) using the most advantageous drawworks 
sprocket ratios in each case. Plotting these values in 
the form of curves, together with a curve representing 
the net available constant engine output, results in a 
visual picture of the behavior of each equipment. 


In order to convert these values to get fast-line speed 
and fast-line pull, it was necessary to assume average 
values for weights and dimensions of various rig parts. 
These are listed as follows: 


1. Average diameter of hoist drum, 30 inches. 

2. Maximum drill stem to be hoisted, 7,500 feet of 
6-in. drill pipe with 8 lines, weighing 235,000 
pounds, or 29,375 pounds on the fast line. This in- 
cludes the weight of blocks, line, elevators, etc. 

3. Maximum fast-line speed, 2,500 feet per minute. 


Calculations of Data for Curves. The following pro- 
cedure was followed in calculating the values for the 
curves. 


1. A set of drawwork sprocket ratios is chosen by 
trial, which gives the best balance of fast-line pulls 
and speeds. 

2. For each drum speed or gear ratio, various avail- 
able fast-line speeds are assumed and converted 
into motor speeds. 

3. The motor speeds are used to obtain the corre- 
sponding motor torques. These are taken from 
curves showing the speed and torque of the motors 
operating on the voltage of the generator used in 
the combination of equipment considered in each 
particular case. 


Mvp Pump anp Mup Pumre Motor 


4. The pull, in pounds, for each fast-line speed is 
calculated. 

5. The fast-line velocity-pull curves are then plotted, 
using the fast-line speed in (2) as ordinates and the 
pounds pull in (4) as abscissas. 


The fast-line velocity-pull characteristics are calcu- 
lated for each of the following combinations and the 
results plotted in the form of curves as designated. 
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TABLE I 
Type of Generator Type of 
Combination generators connection motor Fig. No 
NOME t3 os cies Sere Differential...... Serlesiac crus bars SHUN tesa sola 
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DERIVATION OF ELECTRIC MOTOR CHARACTERISTICS 

The speed-torque characteristics of the No. 2 com- 
bination and the No. 3 combination were obtained from 
electrical manufacturers. The curves of the other two 
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Fig. 3—ComBINATION 3 


combinations were recalculated from manufacturers’ 
curves of different ratings. These estimates are very 
close, however, and will not make an appreciable 
difference in the accuracy of the results. 

Explanation of Curves. For each of the four combina- 
tions a constant horse power curve NS (see Figs. 1, 2, 
3 and 4) representing the net available constant prime 
mover output of 281 hp is first drawn, using fast-line 
speeds as ordinates and fast-line pulls as abscissas. 
As the product of velocity and pull is proportional to 
horse power, the area under this curve is proportional 
to the maximum energy which is expended with this 
constant output, and represents the characteristics of 
an ideal equipment having an infinite number of gear 
ratios. Therefore, since the area NPORS, in Figs. 1, 
2, 8 and 4, within the limits previous specified, is the 
maximum obtainable, it will be considered 100 per cent. 
The velocity-pull characteristics of a four-speed draw- 
works are then drawn, using gear ratios which utilize 
the motor characteristics of each combination to the 
best advantage. In each figure, the characteristics of 
low-low or No. 1 gear is shown by curve AB, high-low 
or No. 2 gear by curve DE, low-high or No. 3 gear by 
curve GH and high-high or No. 4 gear by curve KL. 

As the areas representing the energy expended by 
equipments driving four-speed drawworks, do not coin- 
cide at all points with the ideal area NPORS, the motor 
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characteristics determine how closely it is approached. 

In order to obtain maximum energy from any com- 
bination, it is necessary to change gears at definite 
values of fast-line pull as shown by points C, F, and J 
in Figs. 1, 2, 3 and 4. The energy from any of the 
combinations is proportional to the area NPORSJFC 
and, compared with the area under the ideal curve NS, 
is as follows for the various combinations: 


TABLE II 
Combination Per cent of area NPORS Fig. No 
Lou cnt stasitreraatete, seaneeyenee ON cd ietets tyeigharsvel eraiar ocshane 1 
Diknna »Sieraiein ale vapereanen tease DG Ls rave MiefaarVetectus tare texbiess, 2 
Bone eet ties Ie as Be GOA frctan ee eed saree ed 3 
Arado: simp ista geet teak DO AR aera, Meleuerct onsite az assy gas 4 


On this basis of comparison, combinations 3 and 4 
utilize the engine output to the best advantage. 

Under ordinary conditions, it is rather difficult for 
the driller to know when to change gears, and unless 
they are shifted at the correct values of pull, hoisting 
time is lost. This is especially true of combinations 
1 and 2 which have the flattest characteristic and 
show the smallest increase in speed with decrease of 
load. Combinations 3 and 4, however, have a rapidly 
rising characteristic and, even if the driller does not 
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Fig. 4—ComBINATION 4 


change gears at the correct pull, he does not lose 
much speed over a comparatively wide range of pull. 

Another point to be considered is the pull which can 
be exerted by the various combinations when only one 
generator is used. It is sufficient to say that, in the 
series system, the fast-line pull is approximately the 
same, whether one or two generators are used. How- 
ever, in the parallel system, the fast-line pull, when one 
generator is used, is approximately half that available 
when two generators are used, for the gear ratios 
selected. 
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The values of fast-line pull, under the conditions 
mentioned above, for the various combinations are as 
follows: 


TABLE III 


Maximum fast-line pull in pounds 


Combination Fig. No. 
One generator Two generators 
IN Ossi ense eee BO'SOO ME: hence mys sre 59; 800.20 so ore 1 
INO. 2 be ors emisineran ea NO rh ove sess ecto, = sir 59,800 «sec sinc stam oe 
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It is not improbable that one generating unit would be 
out of service when a full string of drill pipe is in the 
hole, in which case it would be necessary to increase the 
number of lines in the blocks if the parallel system as 
discussed were used, whereas, in the series system, no 
inconvenience would be caused except a reduction of 50 
per cent in the hoisting speed. 


SUMMARY OF RELATIVE MERITS OF VARIOUS 
COMBINATIONS 


Type of Generator 


Differential. The differential generator limits the load 
placed on the engine, limits the pull on the drilling line, 
and also limits the maximum pressure developed by the 
mud pump. 

Shunt. The shunt generator will not sufficiently limit 
the load placed on the engine except when used with a 
specially designed exciter having a drooping voltage 
characteristic. This type is not entirely suited to mud 
pump operation because of the high pressures developed 
before the motor stalls. 


Parallel Connection of Generators 


Disadvantages. 


1. Drilling Motor. 

(a) If one drilling motor is used, it operates at 
about half of its rated capacity when in the 
drilling position. : 

(b) If two motors are used and one declutched 
during drilling, the objection in 1 (a) is elimi- 
nated, but the installation costs are slightly 
increased and the equipment is more bulky. 

2. The cross section of wire for armature circuits from 
the generators to the drilling motor must be double 
the size used in the series system. 

3. The fast-line pull available, is reduced approxi- 
mately 50 per cent when one generator is out of opera- 
tion. 


Series Generator Connection 
Advantages. 


1. Drilling motor operates at its rated torque for 
either drilling or hoisting. The horse power capacity is 
doubled for hoisting by increased voltage. 

2. Size of wire for armature circuits between genera- 
tors and motor is one-half that of the parallel connection. 
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3. The fast-line pull available, is approximately the 
same with one generator as with two. 


Type of Motor 
Shunt. The shunt-wound motor in itself has the dis- 
advantage of a flat characteristic which gives very little 
speed variation over its operating range. However, this 
characteristic is caused to droop by the drooping voltage 
characteristic of the differential generators. 
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200 hp internal combustion engine 
125-kw d-c generator 

15-kw d-c exciter 

Variable voltage control 

Terminal box 

125-hp d-c mud-pump motor 
Power-driven mud-pump 

. Master control 

. Reduction gear for drilling motor 
10. 125/250-hp d-c drilling motor 

11. Drawworks 

12. D-c ammeters 

13. Rotary table 

14. “V”’ belt drive 

15. Wiring between engine house and rig, carried on ‘*X"’ supports 
16. Water tank for engines 

17. Fuel tank for engines 
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Compound. The compound motor in itself has the 
advantage of a steep characteristic which gives wide 
speed variations over its operating range. 


CONCLUSIONS 


An analysis of this paper shows that all four com- 
binations discussed can be used satisfactorily for the 
drilling of an oil well. However, the “Summary of the 
Relative Merits of the Various Combinations,” shows 
that each equipment has its distinct advantages. 
Therefore, an operator should choose that equipment 
which would give him the best overall results. 
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Discussion 


W. G. Taylor: In his summary of the relative merits of the 
various combinations, Mr. Albrecht shows that the differential 
generator is preferable to the shunt generator, a conclusion with 
which I coneur. However, his comparison of parallel with series 
connections is apparently disassociated from the question of type 
of generator used, and if this comparison is made with reference 
to the use of differential generators in each case, the conclusions 
which will be reached will be quite different. 


In making such a comparison, it is necessary to base it on 
definite motor and generator voltages for each system. In the 
parallel system, to keep within the maximum voltage of 600 
indicated by Mr. Albrecht, a rated voltage of 250 for motors and 
generators will meet this requirement, as the maximum no-load 
voltage with one or two generators will be approximately 450. 
In the series system, Mr. Albrecht states that the combined 
maximum voltage of two 250-volt differential generators would 
be unsafe. Furthermore, such a combination would impose a 
maximum voltage on the draw works motor which would too 
closely approach the inherent limits of satisfactory commutator 
design. Therefore, to keep within the indicated maximum of 600 
volts requires the use of 125-volt generators and mud pump 
motors and a 250-volt draw works motor. 


Therefore the comparison which follows is based on a parallel 
system with 250-volt differential generators and motors, and a 
series system with 125-volt differential generators and mud 
pump motors and a 250-volt draw works motor. 


Hoisting with Two Generators. The voltage, current and torque 
characteristics of both systems will be identical, therefore giving 
the same performance characteristics in both eases. 


The same size of cable will be required between generators and 
draw works motor in both systems. 


Hoisting with One Generator. In considering the maximum pull 
which can be exerted by the various combinations when only 
one generator is used, Mr. Albrecht intimates that the parallel 
system has a practical disadvantage, in comparison with the 
series system, because this maximum pull is only half of that 
available with two generators or with the series system. He 
states this disadvantage as a necessity for increasing the number 
of lines in the blocks to lift a full string of drill pipe in the hole, 
in case one generating unit of the parallel system is out of service. 
As a matter of fact, however, this is not necessary under the 
conditions assumed and illustrated in Mr. Albrecht’s discussion 
or in normal drilling practise generally. 

The curves in Fig. 2 illustrate the characteristics of the parallel 
system applied to conditions in which the maximum weight to 
be lifted requires a fast-line pull of 29,375 lb. Although Mr. 
Albrecht has not explained it, curve J’F’C’A’ represents the 
hoisting characteristic with only one generator. It will be noted 
that under this condition it requires a fast-line pull of over 
32,000 lb to stall the motor, and the load of 29,375 lb will be 
lifted, with no increase in the number of lines, at a speed of about 
75 or 80 ft per min, which is ample in such an emergency. Not 
only in this particular case with the parallel system is the avail- 
able pull sufficient with only one generator, but in the normal 
application of this system this will be true generally. This is due 
to the fact that the first or lowest speed of the draw works is too 
slow over most of its range for regular hoisting service with two 
generators, and so a variable-voltage equipment would not be 
selected of such small capacity that it would require a more 
extended use of the lowest drum speed than that indicated in 
Fig. 2 to handle the heaviest loads with two generators. This 
means that an equipment with the parallel system, suitable in 
capacity to hoist the drill pipe with two generators at the fast 
speeds demanded by modern drilling practise, will be able to 
lift the heaviest load with one generator and thus get the drill 
pipe out of the hole in such an emergency with no increase in the 
number of lines in the tackle. 
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Drilling with One Generator. In the parallel system, the draw 
works motor will run under maximum load at full voltage and 
half of full load current, and at full speed. 


In the series system, the draw works motor will run under this 
same load at half voltage, full current and at half speed. Because 
of the reduced speed, the self-ventilation will be less effective 
and the heating consequently higher. 


With the same drilling load under consideration for each sys- 
tem, the horsepower demand will be the same in both cases. The 
parallel system will deliver it at half as much armature and line 
current as the series system, and therefore with less copper loss 
and consequently higher efficiency. 

Mud Pump Operation. In the parallel system, the mud pump 
motors will have the same rated voltage as the draw works 
motor, and so they can be and often are duplicates. This makes 
a mud pump motor available to replace the draw works motor 
in an emergency if the latter goes out of service. 


In the series system, the 125-volt mud pump motor is not a 
duplicate of the 250-volt draw works motor and so cannot be 
used in such an emergency, nor will it use the same repair parts. 
Furthermore the wiring to the 125-volt motor must have twice 
the current capacity necessary for the corresponding wiring in 
the parallel system. 


Conclusion. This definite comparison shows that the parallel 
system with differential generators is at least equal to the series 
system in operating characteristics, and is preferable from the 
standpoint of efficiency, interchangeability, wiring, repairs and 
application to the standard drilling rig with minimum mechanical 
changes. 

Finally, there is one other practical consideration which I 
desire to mention as an important influence in the choice of 
equipments deseribed by Mr. Albrecht, that being with reference 
to the use of a compound wound motor on the draw works. This 
motor must be reversed frequently when hoisting drill pipe, and 
if it is compound wound, suitable control equipment must be 
furnished to reverse the series field. This adds materially to the 
first cost, as the currents to be handled are heavy, and it in- 
creases the maintenance and departs from the simplicity of the 
control of the shunt-wound separately excited motor. In view 
of the comparatively small advantages of a compound winding 
as outlined by Mr. Albrecht, this complication scarcely seems 
warranted on a rotary drilling rig. 

A. H. Albrecht: 

1. Mr. Taylor’s initial assumption that the comparison of 
parallel with series connections is disassociated from the type 
of generator used is in error; Table I of the paper clearly sets 
forth the type of generators, generator connection, and type of 
motor for each combination discussed. 


2. Mr. Taylor quotes from the paper as follows: “The com- 
bined maximum voltage of two 250-volt differential generators 
would be unsafe.’’ This statement is misleading as he did not 
complete the sentence. The complete quotation is as follows, 
“Tf two generators designed for parallel operation were connected 
in series, the combined voltage would be unsafe but when the 
generators are designed for a particular connection, the com- 
bined no-load voltage of either connection is below 600 volts.” 
The author further states that the full load voltage of the genera- 
tors in each combination is 250 volts. In other words, two 
differential generators, each rated 250 volts full load, if properly 
designed, can be operated in series with a total no-load voltage 
of less than 600 volts. 

3. Mr. Taylor states that, ‘“Therefore, the comparison which 
follows is based on a parallel system with 250-volt differential 
generators and motors, and a series system with 125-volt differen- 
tial generators and mud pump motors and a 250-volt drawworks 
motor.’’ This comparison also is misleading as the series com- 
binations discussed in the original paper are based on systems 
utilizing 250-volt generators and a 250/500-volt drawworks 
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motor. Two of the series systems actually were built and the 
data used in the paper were based on manufacturer’s tests of 
these equipments. 

4. Hoisting with two generators: On account of the erroneous 
assumption discussed above, Mr. Taylor states that the voltage, 
current, and torque characteristics of both systems will be 
identical, therefore giving the same performance characteristics 
in both eases, the same size of cable being required between 
generators and drawworks motor in both systems. The per- 
formance characteristics are not identical but are the same as 
originally stated by the author. Likewise, the size of cable 
required for the parallel connection will be twice the size required 
for the series connection. 

5. Hoisting with one generator: Mr. Taylor is correct in stating 
that in Fig. 2, one generator is able to pull the specified weight 
at about 75 or 80 feet per minute with no increase in the number 
of lines. However, when the low efficiencies of oil field hoisting 
equipment and the necessity of meeting such conditions as 
stuck drill pipe are considered, having maximum pull available 
at all times is highly desirable. 

6. It is true that self-ventilation will be less effective with the 
series system than with the parallel system when drilling with 
one generator. However, drilling motors should be provided 
with forced ventilation for safety so this objection is eliminated. 

7. As stated by Mr. Taylor, the mud pump motors, in the 
parallel system may have the same rating as the drawworks motor 
which allows interchangeability in case of emergency. However, 
in practise the mud pump motor requires only about one-half 
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as much horsepower as the drilling motor. Therefore, if these 
motors are made the same size, the mud pump motors would be 
larger than necessary or else the drilling motor would be smaller 
than required. 

8. Since the original paper presumed 250-volt mud pump 
motors in the series system, the wiring and current is the same 
as for the corresponding parallel system. 

9. It seems as though the first paragraph of Mr. Taylor’s 
conclusion is irrevelant since his original assumption is in error. 
He has not shown in his discussion that either system has any 
advantage over the other in applying it to the standard drilling 
rig. 

10. In regard to the use of a compound wound motor on the 
drawworks: If a compound motor were reversed as stated by 
Mr. Taylor, his arguments would be true. However, it is not 
necessary to use the compounding in reversing. Consequently, it 
is necessary only to cut out the series winding by a suitable 
explosion proof contactor placed on the motor frame and these 
objections have been eliminated. 

To the author’s knowledge three wells have been drilled with 
a compound motor using such a contactor, without experiencing 
any difficulties. The increase in first cost is negligible. Two 
additional control wires from the rig controller to the drilling 
motor, is all that is required over the shunt-wound separately 
excited motor. 

In view of the foregoing discussion, the author feels that the 
advantages and disadvantages of the parallel and series generator 
connections as stated in the original paper still hold. 


———— rr St—t 


Recent Developments in Electronic Devices for 


Industrial Control 
BY F. H. GULLIKSEN* 


Associate, A.I.E.E. 


INTRODUCTION 


INCE the development of the thermionic amplifier 
tube, the possibility of using this tube in industrial 
control equipment has appealed strongly to design 

engineers. Outside the train control field, however, no 
serious attempts were made up to a few years ago, 
actually to install electronic industrial control devices. 
The reason for this was chiefly that tubes, having suffi- 
cient capacity to handle industrial control operations 
without interposing mechanical relays, were not previ- 
ously available. With the perfection of the high current, 
high vacuum tube, with 320 milliamperes capacity, and 
especially after the development of the grid glow tube 
with capacity up to 25 amperes, the industrial application 
of electronic tubes was given added impetus, and during 
the last few years considerable experimenting has been 
done to adapt electronic equipment to various industrial 
control and regulating processes. 

At the present time, several successful installations in 
different branches of industry testify to the superiority 
of electronic control compared to the conventional 
electro-mechanical type of equipment. For this reason, 
the future field for electronic control devices will not 
only be to perform functions which cannot be accom- 
plished by electro-mechanical or other means; but will 
also be to supplant electro-mechanical control and regu- 
lating devices, especially in applications where high 
sensitivity and quick response are considered prime 
requisites. 


GENERAL CHARACTERISTIC OF ELECTRONIC CONTROL 
DEVICES COMPARED WITH OTHER TYPES OF 
CONTROL EQUIPMENT 


___ _Incomparing electronic control equipment with other 

types of control equipment, several features are readily 
recognized which make the application of electronic de- 
vices desirable from an industrial point of view. The 
outstanding feature of electronic equipment is the high 
sensitivity which can be attained without the use of 
sensitively balanced moving parts. Voltage regulating 
equipment may be mentioned as an example. Electro- 
mechanical regulators in most cases need dashpots at- 
tached to a sensitively balanced lever system in order to 
provide damping and to provide the required anti-hunt- 
ing characteristic. It is obvious that a certain amount 
of friction will always be present in these dashpots, and 
the friction may develop to such an extent as to impair 
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the regulator sensitivity unless the dashpot is main- 
tained in proper operating condition. In electronic 
regulating equipment, as mentioned later in this paper, 
the anti-hunting function is accomplished by means of a 
condenser which operates as a friction-free dashpot, and 
which does not require maintenance. 

The absence of moving parts, and consequently, the 
absence of mechanical inertia, gives electronic equip- 
ment an extremely quick response characteristic. This 
feature is of utmost importance in many industrial con- 
trol applications where theimpulse initiating the control 
sequence may have a duration of 0.001 second or less. 
Equipment for control of register in paper cutter appli- 
cations is a typical example of equipment of this kind. 

The absence of mechanical inertia makes electronic 
equipment ideally suited to applications where the de- 
vice may be tilted at an angle when operating. A specific 
example of such installations is the application of voltage 
regulators on board ship, where minor variations in regu- 
lated voltage are liable to occur, when electro-mechani- 
cal regulators are used, if the vessel is rolling heavily; 
while electronic type .regulators will not be affected 
whatsoever. 

In several industrial control applications, the con- 
trolling foree whether mechanical or electrical, may be 
of such low energy level that its direct application to 
electro-mechanical control devices will not give the re- 
quired sensitivity due to the relatively high amount of 
energy required to operate this type of equipment. 
Since the energy required to control an electronic ampli- 
fier tube may be 1 uw or less, low energy level control 
applications can always be worked out satisfactorily by 
means of electronic equipment. A particular class of low 
energy level control includes those applications where 
no contact, either electrical or mechanical can be made 
with the quantity under control. In that case, practi- 
cally, the energy level is zero. In such applications posi- 
tive control can however, frequently be accomplished by 
means of a light beam, a photocell and associated ampli- 
fying equipment. Specific examples of this type of con- 
trol is outlined later in this paper in connection with 
alkalinity control and plate glass width control. 

Among other desirable features of electronic control 
equipment may be pointed out the small amount of 
maintenance required to keep the equipment in proper 
operating condition. There are no moving parts to be 
oiled and adjusted for wear, and no contacts to be filed 
to remove the effect of arcing, as in electro-mechanical 
control devices. The only maintenance required on a 
properly designed electronic control device is the re- 
placement of tubes at the end of the useful tube life; 
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an operation which is accomplished within a few seconds 
time. Another feature of electronic control which in 
certain applications may be considered a desirable one 
is its freedom from noise. In this connection should also 
be mentioned the absence of radio interference with 
most types of electronic equipment. A typical example 
is the electronic voltage regulator for direct current 
generators, as compared to the vibrating type voltage 
regulator. The problem of radio interference in connec- 
tion with direct current control equipment is now being 
given serious consideration and undoubtedly in the 
future there will arise occasions where freedom from 
radio interference will be a point of considerable interest. 

Due to the small amount of energy required to control 
electronic devices, manual control can be accomplished 
by means of small radio type potentiometers 11% in. in 
diameter. This makes it possible to design very compact 
miniature control panels for various types of process 
control, and, if desirable the complete control unit may 
be built into a portable box arranged with a plug for 
connection to control receptacles located at various 
strategic points. 

There are two other features of electronic type control 
equipment which must be considered in order to get a 
true picture of the relative merit of the two types of 
control. One is the apparent fragility of the electronic 
tubes, the other is the necessity of occasional tube re- 
placement. Experience with various types of electronic 
applications indicates however, that the possibility of 
tube breakage is rather remote provided reasonable care 
is exercised in handling the tubes. The life of electronic 
tubes, at rated current, varies between 2,000 and 5,000 
operating hours for grid glow tubes, and between 3,500 
and 10,000 operating hours for high vacuum tubes. By 
operating the tubes below the rated current considerably 
increased life is obtained. As previously mentioned, re- 
placement of tubes can be accomplished within a few 
seconds time and from a continuity of service point of 
view, therefore, the necessity of tube replacement is no 
serious drawback. 

In deciding whether to apply electronic control equip- 
ment or to apply electro-mechanical or other types of 
equipment, in a particular installation, the yearly sav- 
ings due to improved operation should be credited to the 
electronic side, and the yearly cost of tube replacement 
should be balanced against the decreased maintenance 
cost. In many industrial installations it will be found 
that the cost of tube replacement is insignificant com- 
pared to the increased profits due to the higher uni- 
formity of the product, and the consequent decrease in 
percentage rejections. 


ELECTRONIC TIME DELAY RELAYS 


The combination of an electronic tube and a con- 
denser discharge circuit provides the fundamental cir- 
cuit for a time delay relay which has all the desirable 
features of the various types of electro-mechanical relays 
now on the market, and which does not have any of the 
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less desirable features of the electro-mechanical devices. 

Electro-mechanical time delay relays may be classi- 
fied in 5 different groups according to the principle of 
operation as follows: 


1. Relays With Dashpot 

(a) Advantages: Simplicity. 

(b) Disadvantages: Maximum time delay approximately 10 
seconds. The time delay is dependent 
upon the supply voltage. The time delay 
is affected by temperature changes due to 
variations in dashpot damping. Friction 
may develop in the dashpot with conse- 
quent change in time delay. Instantane- 
ous reset cannot be obtained without me- 
chanical complications. 

2. Escapement Relay 


(a) Advantages: No temperature error. Instantaneous reset. 
(b)Disadvantages: The relay is subject to mechanical wear. 
The relay is noisy. Time delay is limited 
to approximately 10 seconds. 
8. Motor-Operated Gear Train Relay 
(a) Advantages: Time delay adjustable from 30 seconds to 4 
minutes. 
(b) Disadvantages: Expensive. Mechanically complicated. 
4. Flux Decay Type Relays ; 
(a) Advantages: Instantaneous reset. Inexpensive. 
(b) Disadvantages: Requires direct current for operation. 
Maximum time delay 8 seconds. 
5. Thermal Relays 


(a) Advantages: Inexpensive. 
(b) Disadvantages: Not very accurate. 


No instantaneous 
reset. ; 


The electronic type time delay relay shown. in Fig. 1 
has all the desirable features of the electro-mechanical 
type relays previously referred to, and does not have 
any of the undesirable characteristics. 


1 
Fig. I—Euectrronic Type Time Detay Retay ELEMENTARY 
DIAGRAM | 


Referring to Fig. 1, a high vacuum amplifier tube 4 
is connected in series with a relay 2 and a potentiom- 
eter 3 across the direct current output terminals of 
rectox 5. When the initiating contacts 1 close, the 
plate voltage is applied to tube 4, and the current 
through the coil of relay 2 and through potentiometer 
3 starts to build up. The resulting increasing voltage 
drop across potentiometer 3 will cause a charging cur- 
rent to flow through resistor 6 to condenser 7. 
This charging current will produce a voltage drop 
across resistor 6 with a polarity as shown in Fig. 1. 
This voltage drop will give the grid of tube 4a nega- 
tive bias in relation to the cathode of the tube, and for 
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this reason the rate of change of current through tube 
4 and consequently, relay 2 will increase slowly. 
After a predetermined time, dependent upon the adjust- 
ment of potentiometer 3, the current through relay 
2 will be high enough to operate the relay. The time 
interval between closure of contacts 1 and operation 
of relay 2 may be adjusted from zero to maximum by 
adjusting the movable contact of potentiometer 3 
downwards. 

The maximum time delay obtainable with the elec- 
tronic relay is proportional to the product RC, where R 
is the resistance of resistor 6 in ohms, and C is the 
capacity of condenser 7 in farads. By adjusting po- 
tentiometer 3 any value of time delay between zero 
and maximum may be obtained.. In order to obtain 
sufficient sensitivity in time delay adjustment, various 
values of resistor 6 should be used for different time 
delay ranges. Since resistor 6 is a small grid leak type 
resistor, the adaptation of the relay to various time 
delay ranges can be easily accomplished. The maximum 
time delay of this equipment is approximately 3 minutes 
and the minimum time delay 0.05 sec. The time delay 
for any definite adjustment of potentiometer 3 re- 
mains constant within + 5 per cent. The equipment 
operates from a 110-volt, 60-cycle source, and requires 
approximately 10 volt-amperes for its operation. The 
time delay does not vary more than 1 per cent for a-c 
supply voltage changes within the commercial range of 
+ 5 per cent. 

The electronic type time delay relay is particularly 
suited to timing applications where frequent adjust- 
ment of the time delay is required. A typical applica- 
tion of this nature is in connection with spot welding 
equipment, where a relay circuit as shown in Fig. 1 
meets the desired requirements of accuracy and 
adjustability. 


REGISTER CONTROL 


In various industrial processes it is required to syn- 
chronize or register two separate control operations so 
that space and time relationship between the two re- 
mains constant. To illustrate this type of application, 
the problem of maintaining the register of the knife in 
paper cutter applications will be outlined. In continu- 
ous cutter applications the material to be cut is fed to 
the cutter from a reel by means of a pair of draw rolls. 
The cutter is usually of the rotating type and is driven 
from the same motor as the draw rolls. If there is a 
printed design on the material, it is desirable to main- 
tain the register of the cut in relation to the printed 
design. This is obtained by either adjusting the speed 
of the draw rolls in relation to the cutter speed perma- 
nently, or by changing the draw roll speed temporarily. 
In the latter case the adjustment is equivalent to a 
space correction of the material to be cut, in relation to 
the cutter knife. 

Present paper cutters require usually three operators 
for successful operation. One of the operators is kept 
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continuously busy regulating the speed of the draw 
rolls, another operator stacks the paper when it leaves 
the cutter, and the third operator sorts the sheets and 
arranges for further trimming those sheets which have 
been incorrectly cut. The work of the operator regu- 
lating the draw roll speed is exceedingly monotonous, 
and from time to time he will find the knife cutting the 
paper considerably off the printed spot used for indi- 
cating the proper position of the cut. This results in 
considerable waste of paper and considerable expense in 
trimming the sheets to their proper length. By apply- 
ing photoelectric control of the draw rolls the amount of 
wasted paper, which at present may be up to 15 per cent 
or more will be considerably reduced and the number of 
operators in most cases can be reduced from 3 to 2. 

The photoelectric paper register control device 
operates on the general principle of synchronizing a spot 
printed on the paper with a pair of cams attached to the 
rotary cutter shaft. When the cut is in register the con- 
tacts operated by the rotating cams do not engage when 
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Fig. 2—ELEMENTARY DiaGRAM OF ELECTRONIC REGISTER 
ContRoL EQuIPMENT 


the photo cell impulse is obtained. For this reason no 
relay action is obtained. If however, the cut is slightly 
ahead of the spot or behind the spot one pair of contacts 
will engage at the instant of photo cell impulse, and by 
means of suitable amplifying equipment a control relay 
will be closed and will operate the draw roll speed ad- 
juster or the draw roll position adjuster, in order to 
bring the paper back in register with the knife. 

In some applications the slip of the paper in relation 
to the draw rolls is zero or practically constant so that 
when the speed ratio between the cutter and the draw 
rolls is once adjusted the entire control can be obtained 
by means of position control. In other applications the 
slip varies considerably due to changing paper charac- 
teristic, and a speed ratio change as well as a position 
change is required in order to get satisfactory operation. 

In Fig. 2 is shown an elementary diagram of an elec- 
tronic register control device which will operate either 
from an impulse received from a white, yellow or red 
spot on a dark background, or from a dark spot on a 
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white, yellow or red background. The equipment may 
be arranged for operation with transmitted light when 
the transparency of the paper is high, or with reflected 
light when the paper is opaque. A photocell 3 is con- 
nected to control the amplifier tube 4 so that when the 
spot intercepts the beam of light the current through 
the amplifier tube will decrease. The grid glow tubes 
1 and 2 are connected in series with their respective 
relays I and II, and by means of the voltage divider 6, 
the grids of tubes 1 and 2 are given a definite nega- 
tive bias in relation to the cathodes so that tubes 1 
and 2 normally will not carry current. Contacts F 
and S are operated by the cams connected to the ro- 
tating cutter knife, and are adjusted so that the con- 
tacts are open when the spot intercepts the light beam if 
the cutter knife is in register with the design on the 
paper. If the draw rolls are operating too fast contacts 
F will be closed at the instant of photocell impulse, and 
consequently, since the current of tube 4 has decreased 
due to the photocell action, a positive bias will be im- 
pressed on the grid of grid glow tube 1, thus causing 
tube 1 to break down and energize relay I. Relay I 
energizes a motor which operates the stationary ele- 
ment of a mechanical differential connected between 
the driving motor and the draw rolls, so that the draw 
roll speed will be reduced an amount equal to the output 
speed of the mechanical differential. Since the grid 
glow tubes are energized from a d-c source, relay I will 
remain closed until the plate circuit of tube 1 is opened 
by relay III which is controlled by tube 5 connected in 


Fig. 3— ELectrRonic REGISTER CONTROLLER 


a time delay circuit similar to Fig. 1. If the paper is 
lagging in relation to the cutter knife contacts S will be 
closed when the photocell impulse occurs and relay II 
will close to operate the mechanical differential in the 
reverse direction. 

Due to the application of grid glow tubes the response 
of this equipment is practically instantaneous so that a 
sensitivity of 1/16 inch can be obtained with a spot 
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1/8 inch wide for paper speeds in excess of 500 feet per 
The equipment operates from a 110-volt, 60- 
cycle source, and the performance will not be affected 
by voltage changes within + 5 per cent. The equip- 
ment can be advantageously applied to a variety of 
cutter installations and its application is not limited to 
paper cutter applications. A promising field for this 
type of equipment is the register control of machines for 


Fig, 4—Ligut Source anp PuHotTo-CELL ASSEMBLY FOR 
REFLECTED LigHtT APPLICATION 


the manufacture of bags of paper, cellophane, cloth or 
other types of material. 

An illustration of the control cabinet is shown in Fig. 
8. The light source and photo-cell assembly which is 
used in reflected-light applications is shown in Fig. 4. 


ELECTRONIC SPEED AND VOLTAGE REGULATORS FOR 
DIRECT-CURRENT MACHINES 


The various electro-mechanical type voltage regula- 
tors now on the market have a definite insensitivity zone 
due to unavoidable friction in dashpots, bearings and 
other moving parts. By proper design and through 
careful maintenance the regulator sensitivity however 
can be kept within a zone of + 0.5 to 1 per cent which is 
entirely satisfactory for most industrial applications. 
In the average industrial regulator application the 
regulator response is usually not considered to be of 
much consequence unless lights are connected to the 
circuits; but there are applications for example in mo- 
tion picture studios where this feature is of paramount 
importance. The speed of response of electro-mechani- 
cal type voltage regulators is limited by the inertia of 
levers and other moving parts of the device, and not 
considering the rheostatic type voltage regulators, the 
speed of response is also limited by the inherent charac- 
teristic of the anti-hunting means. 

Anti-hunting is required in any voltage regulating 
device due to the electrical inertia of the exciter and the — 
generator, and the success of a voltage regulator de- 
pends to a large extent upon the proper selection of the 
anti-hunting means. Through the anti-hunting means a 
corrective force, either electrical or mechanical, is ap- 
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plied to the primary element of the voltage regulator 
during the regulating period to counteract the corrective 
regulator action, so that at all times the rate of voltage 
correction is proportional to the error in voltage. An 
electronic type voltage regulator for direct-current 
generators which meets these requirements of ideal anti- 
hunting characteristics has recently been developed. 

Exhaustive tests seem to prove that in respect to 
sensitivity and response this regulator is superior to any 
of the electro-mechanical type voltage regulators pre- 
viously available. 

The schematic diagram of the electronic voltage 
regulator is shown in Fig. 5. The regulated voltage ob- 
tained from potentiometer 5 is bucked against the 
constant voltage from battery 4, and the voltage 
difference is applied to the grid of screen grid tube 2. 
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Fig. 5—Scuematic Diagram oF ELECTRONIC VOLTAGE 
REGULATOR 


The regulator, when in operation, will tend to maintain 
this voltage difference constant at 1.7 volts. Any 
deviation in this voltage difference is amplified by tube 
3 and the power tubes 6, so that a minute change in 
regulated voltage will cause a considerable change in 
the current in the exciter field winding which is con- 
nected in series with the power tubes across a 350-volt 
direct-current source. To prevent hunting resistor 9 
is connected in series with condenser 8 across poten- 
tiometer 7 which is connected to the exciter armature 
terminals. When the exciter armature voltage is 
decreasing as a result of regulator action when load is 
disconnected from the generator, condenser 8 will dis- 
charge through resistor 9, and the voltage drop thus 
created will oppose the initial voltage change on the 
grid of tube 2 caused by the increase in regulated 
voltage; and therefore stabilize the regulator operation. 
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The sensitivity of the electronic regulator is + 0.2- 
volt or better, and the regulator will bring the regulated 
voltage back to normal in from 2 to 5 cycles as indicated 
by the oscillogram in Fig. 6 if the exciter is omitted and 
the power tubes are connected directly in series with 
the generator field winding. During this test full load 
was connected to a 5-kw shunt wound generator. In 
Fig. 7 is shown an oscillogram of the same load condi- 
tions, with a 144-kw shunt wound exciter used to supply 
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Fic. 6—REsSPONSE OF HLECTRONIC VOLTAGE REGULATOR 
WirHout Exciter 


the excitation for the generator. The speed of response 
of the regulator is apparent from Fig. 6, which indicates 
that the regulator tends to correct for the variations in 
regulated voltage due to commutator ripples, which 
were rather pronounced on this particular generator. 
The action of the anti-hunting circuit is indicated in 
Fig. 7. It may be seen that due to the anti-hunting 
action the exciter field current starts to decrease before 
the regulated voltage has reached the normal value. 

As shown in Fig. 5, the field rheostat for manual 
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Fig. 7—ReEsponse oF HLectronic VOLTAGE ReGuLator WITH 
EXCITER 


control 10 is connected so that when switch A is 
closed the field rheostat will be in parallel with the power 
tubes. In order to transfer from automatic to manual 
control, rheostat 10 is turned in and switch A is closed. 
The rheostat is then gradually turned out until the regu- 
lated voltage is 0.5-volt higher than normal, thus indi- 
cating that the current through the power tubes is zero. 
The field switch 11 may now be opened and manual 
control obtained by means of rheostat 10. 
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The regulating range of the six RJ-563 tubes when 
new is 0.15 ampere to 1.2 amperes. At the end of the 
useful tube life the filament emission will, however, be 
slightly decreased, and for this reason the regulator is 
applied on the basis of a maximum current output of 0.9 
ampere, thus giving a regulating range of 0.75 ampere. 
If the maximum exciter field current exceeds 0.9 ampere, 
switch A is not supplied, rheostat 10 is permanently 
connected in parallel with the RJ-563 tubes, and is de- 
signed to carry the no-load exciter field current minus 
the minimum tube current 0.15 ampere. With this ar- 
rangement the electronic regulator may be applied to 
control exciters up to approximately 20 kw capacity, 
which is sufficient for most industrial d-c generators. 

The advantages of the electronic regulator compared 
to electro-mechanical type regulators are primarily, as 
previously stated, the high sensitivity and the quick 
response characteristic. Other desirable features are the 
simplicity of operation, the absence of maintenance, no 
radio interference, and the possibility of operating the 
equipment on board ship without being affected by 
rolling. 

The electronic regulator has been successfully applied 
as a speed regulator for a single motor paper machine 
drive. In this case the motor was connected for arma- 
ture control by means of a variable voltage generator, 
and the regulator was connected in the field circuit of 
the exciter which supplied excitation for the generator. 
A pilot generator geared to the motor served as the 
voltage indicator. In Fig. 8 is shown the electronic 
voltage regulator with covers removed. Fig. 9 shows the 
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Fig. 8—Enectrronic Voutace ReGuLATOR WitH Covers 
REMOVED 


regulator mounted on a control board for a single motor 
drive having a 12 to 1 speed range. 


ELECTRONIC MOTOR STARTER 


In applications where variable speed control of d-c 
motors over a wide speed range is needed, the conven- 
tional method of control is to supply a motor-generator 
set and to vary the generator voltage. An electronic 
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motor starter shown in Fig. 10 which has recently been 
developed provides the means for adjustable speed con- 
trol of d-c motors with an alternating current supply 
source. The electronic motor starter is equipped with 
phase shift controlled grid glow power tubes which are 
connected to supply armature voltage for the motor. A 
smooth armature voltage control during the entire 
range from zero to maximum is obtainable. The motor 


Fig. 9—ELECTRONIC SPEED REGULATOR INSTALLATION. 
Sinecte Moror Parer Macuine Drive 


field is supplied with a constant d-c voltage by means of 
a pair of rectifier tubes. A desirable feature of this 
equipment is the automatic starting characteristic 
which limits the current during the starting period to a 
predetermined value. : 

The electronic motor starter may be advantageously 
used in applications where frequent speed adjustments 
are made and where a smooth starting characteristic is 
of importance. A typical example is the control of 
manually operated coil winding machines where abrupt 
speed control may cause a wire break. At the present 
time this equipment is available for armature control of 
motors up to 5 hp, 230 volts. In Fig. 10 is shown an 
exploded view of a 8-hp starter. 


MISCELLANEOUS PHOTOELECTRIC CONTROL 
APPLICATIONS 


The photoelectric cell with associated electronic 
equipment has long been extensively used for indicating 
and regulating purposes in various industrial processes, 
where the application of mechanical or electrical indi- 
cating devices would have been impractical. The use 
of photoelectric equipment for counting, sorting and 
inspection is thus rapidly increasing. Photoelectric 
equipment is often the only solution in counting appli- 
cations where the objects to be counted cannot be 
arranged to operate mechanical counting devices due to 
the fragility of the material, due to the high tempera- 
ture of the material, or due to the possibility of scratch- 
ing a freshly painted surface. If the object to be counted 
is metallic, electrical circuits applying variations in 
capacity or inductance may be used; but in most cases 
it will be found that a photoelectric relay in connection 
with a light beam will give a more reliable indication. 
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If the object is fragile and non-metallic the application 
of photoelectric equipment is often the only solution for 
a successful installation. Photoelectric counting equip- 
ment is now being used commercially to count automo- 
biles, sheets of paper, hot steel ingots, theatre patrons, 
incandescent lamp bases and a diversity of other objects. 

Photoelectric equipment has been widely applied to 
initiate control operations where mechanical indicating 
means would not have been adequate. Photoelectric 
relays have thus been applied in paper mills as a paper 
break indicator, in steel mills to initiate shearing opera- 
tions and to control soaking pit covers, and photoelec- 
tric equipment is extensively applied in elevator opera- 
tion to prevent the closing of the elevator doors if a 
passenger is standing in the doorway. A manufacturer 
of window glass was confronted with the problem of 
indicating whether the glass sheet in leaving the oven 
had the correct width. Since the glass was plastic and 
red hot mechanical indicating means could not be used; 


Fig. 10—3-He Exvrcrronic Moror Starter 


photoelectric relays were installed and gave excellent 
service. 

Photoelectric lighting control relays are becoming 
popular as a means for controlling the illumination in 
offices and factory aisles, and experience with such ap- 
plications indicates that frequently considerable savings 
in power consumption as well as increased production 
can be gained by the application of this device. 

Photoelectric tubes in connection with amplifiers can 
be used to record small variations in light transmission 
through various substances. A commercial application 
of this is in the form of the photoelectric smoke indica- 

_tor and recorder which may be applied to record the 
density of the smoke in the stack, and thus give an 
indication of the firing conditions. A similar applica- 
tion in a different field is the photoelectric indicator and 
regulator for concentration control. This equipment 
has been used to control the alkalinity of a copper solu- 
tion in a copper refining process. Two photoelectric 
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cells are connected in a wheatstone bridge circuit to 
control electronic amplifying equipment. The photo- 
cells are illuminated from the same light source. The 
light beam directed on one photocell is intercepted by a 
glass tube containing a sample solution having the de- 
sired alkalinity. The light beam illuminating the other 
photocell is intercepted by another glass tube through 
which flows the solution as used in the refining process. 
When the alkalinity changes, the color of the solution 
will change so that the balance of the wheatstone bridge 
is disturbed and through the amplifying system control 
relays are initiated which will change the speed of the 
lime feeding motor so that the alkalinity of the copper 
solution will be brought back within the proper limits. 
This scheme is described in more detail in a paper by 
J. V. Alfriend, Jr. (see page 512 of this issue). 

The use of photoelectric equipment for sorting and 
inspection is increasing rapidly, and numerous applica- 
tions in this field are working entirely satisfactory. 
The equipment may be arranged to initiate control 
relays which will remove from the production line an 
object which does not meet the specifications. For ex- 
ample, tin foil wrapped packages may be inspected by 
light reflection for proper labeling. If the paper label 
is in position the light will be reflected from the label 
and will be of low intensity, and the package will be 
carried forward on the conveyor. However, if the label 
is not placed properly, or is missing, the reflected light 
intensity is of high order and the control relays will be 
operated to divert the package. 

In a similar manner inspection may be made for spots, 
holes or variations in color, although color inspection is 
a somewhat more difficult problem since the character- 
istic of the surface, whether flat or glossy, introduces 
complications. 

The preceding paragraphs are not intended to cover 
the entire range of possibilities for profitable application 
of photoelectric equipment in the industrial field; but 
are merely intended to point out characteristic applica- 
tions of light-sensitive equipment, in order to show its 
universal adaptability to almost any control problem 
which may be faced by industrial engineers. 


Discussion 


R. E. Hellmund: Mr. Gulliksen’s paper is new and additional 
evidence of the great versatility of electronic devices in industry. 
In fact it can truthfully be stated that aside from their many 
possible functions in the generation, control and conversion of 
electric power, these devices and their circuits can take the place 
of the more important human senses such as seeing, hearing and 
feeling; in the latter case they even excell the human being and 
equal, through capacity effects, the ability of the bat to feel the 
presence of objects without actually touching them. The other 
human senses, taste and smell, are usually of lesser importance 
in industry, but more recently the tasting of fruit by electrically 
metering and recording its acidity by the use of electronic 
devices and circuits appears to be practicable and I believe under 
certain conditions the detection of odors by these means has been 
considered a possibility. As far as industrial processes and 
operations are concerned, the electronic devices offer possibilities 
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of indicating, metering, recording and in many cases regulating 
with a high degree of sensitivity and accuracy and if desirable 
at or from remote locations such values, quantities and proper- 
ties as: 


Dimensions Opaqueness 

Weight Transparency 
Volume Sound and Vibration 
Numbers Speed 

Position Acceleration 

Liquid Level Strength of Material 
Density Mechanical Stresses 
Pressure Time and Frequency 
Light Color Temperature 


Furthermore such functions as adding, subtracting, subdividing, 
inspecting, noise analyzing, timing and many others can be 
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Fig. I—Oscirtocrams ILLUSTRATING RANGE OF CONTROL TO 
BE OBTAINED WITH GENERAL ELEcTRIC CR7503-B2 THYRATRON- 
TuBE CONTROL FOR RESISTANCE WELDING MAcHINES 


A—1 cycle on, 1 cycle off 
B—2 cycles on, 34 cycles off 
C—15 cycles on, 95 cycles off 
D—4 cycles on, 10 cycles off 
E—17 cycles on, 36 cycles off 
F—7 cycles on, 1 cycle off 
G—47 cycles on, 4 cycles off 


carried out or governed by means of electronic devices and 
circuits. 

In view of the fact that many of these almost unlimited 
possibilities have been known for quite some time, the question is 
raised why the extent of the use of electronic devices in industry 
so far is, after all, very limited; to many this is most disappoint- 
ing. Aside from the natural influence of the business depression 
and a certain reluctance to use new devices because of unfamiliar- 
ity with, and prejudice against them the answer to this question 
can be summed up in the one word “economies.” Irksome as 
it may be to the enthusiast for the possibilities of these devices, 
economies will, in the best analysis, always be the governing 
factor. In the first place, while the electronic tube and its circuits 
are the parts making the particular device possible it must be 
appreciated that they are in many eases as far as the manu- 
facturing and development cost is concerned, but a rather minor 
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part of the entire device. The control of register in cutter appli- 
cations described in Mr. Gulliksen’s paper is a good example 
which shows the extensive and costly development required, in 
addition to the light sensitive tube proper, to accomplish the 
results. Naturally such expenses cannot be incurred unless they 
are economically justified by the particular application, either 
on account of extensive expected use and consequent quantity 
production or because of unusual benefits to the industry using 
the device. In many other applications the introduction of 
tubes has been retarded since the same result can under present 
conditions be accomplished by other means at a somewhat lower 
cost; an example of this kind is the motor control described in 
the paper. This condition is not necessarily inherent and perma- 
nent, but merely due to the fact that new tubes, now manufac- 
tured in small quantities have to compete with older highly 
developed and standardized devices. This condition can change 
only gradually as increased production brings about reduced costs 
which in turn will broaden the economic field of application and 
further reduce the costs. 

These remarks, while explaining the present situation are by 
no means intended to dampen the enthusiasm about the possi- 
bilities of electronic devices in industry. Largely ignoring the 
present economics and gambling on the future, the designers 
have gone a long way in developing numerous applications at 
very considerable expense. It is now to be hoped that the users 
take an equally progressive attitude and at least partly discount 
slight economic handicaps as they appear at this time. Such an 
attitude can be well justified, because there are very frequently 
intangible advantages, which only become apparent after initial 
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use. In this connection the early days of industrial electrice 
heating may be recalled. The principal point then under dis- 
cussion was the cost of electrical heat units as compared with 
fuel heat units and from this point of view the comparison did 
not look very favorable to electric heat. Since then so many 
advantages of electric heat such as automatic control, improved 
quality, reduced rejects, improved working conditions, possi- 
bilities of continuous flow production, ete., have become apparent 
that the heat economy has become of secondary importance in 
many cases. Quite similar conditions are already becoming ap- 
parent in many of the tube applications and industry as a whole 
is likely to benefit materially by an open minded progressive 
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policy towards this new tool even in eases when the factors which — 
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are known and subject to figures at this time do not definitely 
show great economic advantages. 

W. R. King: Concerning the description of the electronic time 
delay relay and particularly the statement referring to its use in 
connection with spot welding machines, I should like to point out 
that the successful welding of some materials depends upon the 
accurate timing of the application of power for periods as short 
as one or two cycles. This is particularly true in the case of 
many of the alloys being used at present. Mechanical inter- 
rupters and magnetic contactors are unsuited for this service, 
first, because of the inaccuracies inherent to such mechanical 
devices, and second, because they cannot readily be operated in 
synchronism with the system frequency. An electron tube sys- 
tem has been developed for the accurate control of resistance 
welding machines up to several hundred kilovolts. This system 
operates without mechanical contacts in the control circuit to 
control accurately the flow of current for periods as short as one 
eyele. 

The system operates as follows: 

The primary of a series transformer is connected in series with 
the primary of the welding transformer. Two power size thyra- 
tron tubes are connected to the secondary of the series trans- 
former. When these two tubes are conducting, the series 
transformer secondary is effectively short-circuited and the 
primary impedance is reduced to a minimum, thus permitting 
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practically full current to flow in the welding circuit. When the 
tubes are not conducting, the series transformer secondary is 
In this con- 
dition the current is limited to the exciting current of the trans- 
former, a value which, for purposes of welding, may be considered 
as practically zero. By proper control of the thyratron grids, 
these tubes may be made to conduct when desired. 

The grids of the power thyratron tubes are controlled by the 
thyratron synchronous timer, a system of smaller thyratron 
tubes. The thyratron synchronous timer consists of a timing cir- 
euit which, in the case of intermittent line welding machines, 
controls the time of the total welding cycle (‘‘on’’ plus “‘off’’), 
and a ratio-control circuit which controls the relation between 
the time ‘‘on’’ and time ‘‘off.’” The ratio-control circuit, the 
timing circuit, and the power control circuit all operate in syn- 
chronism with the system frequency and thus accurately main- 
tain the time of the “‘on’’ period and the ‘‘off”’ period. 

As the equivalent is used on spot welding machines, a small 
eam switch on the drive shaft controls the approximate starting 
time. The thryatron synchronous timer controls the actual 
starting time and also the length of the ‘‘on’’ period for the one 
spot weld. 

The oscillogram in Fig. 1 show the accuracy and range of 
control. It will be noted that each ‘‘on’’ period corresponds 
exactly with each other ‘‘on’’ period for the same adjustment, 
even for ‘‘on”’ periods as short as one eyele. 


GULLIKSEN: DEVELOPMENTS IN ELECTRONIC DEVICES 


593 


A typical control panel is shown in Fig. 2. This particular 
panel may be used for either spot or line welding. The dials and 
switches for adjusting the timing are conveniently located on the 
front of the panel. The use of this equipment in connection with 
spot welding machines permits an accuracy hitherto unattain- 
able. Used with intermittent line welding machines it permits, 
in addition to the accuracy of control, operation at speeds (1. e., 
spots per minute) far in excess of those permissible with mechani- 
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eal or magnetic circuit interrupting devices and of course the 
frequent replacing of contacts and mechanical parts is eliminated. 

Mr. Gulliksen has presented a clear deseription of the opera- 
tion of the photoelectric paper registry control system. We have 
found that in most applications, it is necessary to make a slight 
change of speed ratio between the cutter and draw rolls, as well 
as the position change. The speed ratio change is necessary to 
take care of the shrinkage and stretch of the paper and also be- 
cause it is exceedingly difficult manually to adjust the speed 
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ratio so that it is exactly correct. The position change brings the 
web back into registry and a relatively small speed ratio change 
tends to prevent it from getting out of register. 

On those applications that require very high speed response, 
the time constant of the cable connecting the phototube to the 
amplifier becomes an important factor. When you consider that 
the time for response to a one-sixteenth inch spot traveling at 
600 feet per minute is only about 1/2,000 second it is obvious 
that the interconductor capacitance of the phototube cable can- 
not be very much if the minute change in phototube current is 
to have any appreciable effect upon the grid voltage of the 
amplifier tube. To overcome this difficulty a ‘‘seanning head”’ 
has been developed, see Fig. 3. This is a small unit in which are 
mounted the phototube and its optical system, the amplifier tube, 
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and the light source with its optical system. Thus the leads in the 
high impedance phototube-amplifier circuit are reduced to a few 
inches. This greatly reduces the time constant of the cireuit 
and makes it possible to respond to impulses lasting only a few 
microseconds. The amplifier tube is connected to the thyratron 
panel by means of multiconductor cable. Since the amplifier 
anode circuit is of far less resistance than the grid circuit, inter- 
conductor capacitance in this cable has little effect upon the 
system. On the thyratron panel, illustrated in Fig. 4, are 
mounted the two thyratron tubes and the contactors which they 
control, and a time delay relay of the flux decay type. 

The installation shown in Fig. 5 has been in service in the plant 
of the Jaite Paper Company, near Cleveland, since 1931. This 
is one of a number of installations on bag-making machines. 


The Use of Communication Facilities in 
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Synopsis.—This paper outlines the fundamentals of a method of 
obtaining overall protection of transmission lines by a comparison of 
the relative direction of fault current flow at the line ends by means of 
a communication system. The results obtained are equivalent to dif- 
ferential protection. The carrier-current pilot or d-c pilot wire 
schemes which have been introduced during the past few years are 
applications of this method. 

The optional use of a communication system to link the trip cir- 


cuits at the ends of a transmission line provided with any conven- 
tional form of relay protection is described. This insures the simul- 
taneous tripping of both line ends for all fault positions. 

The various types of communication systems adaptable for relay 
purposes are described and discussed in regard to coordination with 
the telephonic communication, telemetering or supervisory control 


systems employed as adjuncts of the power system. 
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INTRODUCTION 


HE large size and complexity of the modern power 
system and the attendant problem of maintaining 
system stability at times of system faults have indi- 

cated the desirability and often the necessity of clearing 
faults on the major transmission lines of the system with 
the utmost rapidity. To meet this requirement high- 
speed circuit breakers and high-speed relays have been 
developed. The step-by-step distance relay has been 
evolved which permits the instantaneous clearing of 
faults over a greater portion of the line than was previ- 
ously possible where balanced relays could not be used. 
The protection afforded by the selective timing relay 
schemes, however, even when reduced to a high-speed 
basis, falls short of the ideal in several important re- 
spects. 

1. Faults at a line end, either in the case of a parallel 
line installation where balanced relays can be used, or in 
the case of a single-line installation where distance re- 
lays or the equivalent must be used, cannot produce in- 
stantaneous tripping at both line ends and sequential 
tripping at best must result at the station distant from 
the fault. In power systems comprising both steam and 
hydro generation, this necessary increase in the total 
- clearing time may be sufficient to throw the hydro units 
out of step. 

2. At the present state of the art, the distance relay 
is not entirely fool-proof when applied to protection 
against ground faults. Equivalent systems for deter- 
mining distance on ground faults by measuring the resid- 
ual current are not universally applicable. 

3. In certain complicated systems it is difficult to 
make the step-by-step distance relays on one line section 
select with the relay equipment on adjacent sections 
without some sacrifices in the time of operation for faults 
in the section protected. 

It is natural, therefore, that considerable interest 
should be shown in the development of systems of overall 
protection for transmission lines. This form of protec- 
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tion, which will trip both line ends instantaneously for 
all faults on the line, and which is non-operative for 
systems faults not on the line, and therefore inherently 
selective, represents very nearly the ideal relay system. 
Overall protection employing differential relays, 7.e., 
differential protection, has been used to some extent for 
the protection of short transmission lines; but the cost 
and complication of providing a group of a-c secondary 
or pilot wires paralleling the transmission line with the 
attendant difficulties of maintaining these pilot wires, 
keeping them free from induced effects, and handling 
the high-current transformer burdens involved has pre- 
vented the widespread use of this method. 

During the past few years overall protection has been 
successfully accomplished on a number of transmission 
lines throughout the country by the application of 
methods whereby the relative instantaneous directions 
of residual current, or the relative directions of fault 
current flow at each end of the line, are compared by a 
communication system which is arranged to trip both 
ends of the line when the relation obtained indicates 
that the line is faulted. These methods, while differing 
as to the details of the relay or the communication sys- 
tems used may be given the title directional comparison. 
Overall protection by directional comparison using a 
communication system as the auxiliary link between the 
line terminals has advantages over differential protec- 
tion because a reliable communication system can be 
provided more readily and at less expense than a-c pilot 
wires. 

Communication facilities may also be employed as an 
adjunct to a selective timing relay system of any type 
to permit the simultaneous tripping of the breakers at 
both ends of the line upon the operation of the relay 
system at either end. This system, which may be termed 
transferred tripping, is useful in cases where selective 
timing relay systems may be employed to give instan- 
taneous operation at one end of the line under all fault 
conditions; and where, due to stability considerations it 
is necessary to trip both line ends instantly without 
waiting for sequential or second zone operation at either 
end. 

The communication facilities required for either of 
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these protective schemes are those of a telegraph system. 
The medium employed may be the transmission line it- 
self by means of carrier-current, or else telegraph or tele- 
phone circuits either owned by the power company or 
leased from a telephone company. The choice of the 
particular communication system to be used will depend 
upon a wide variety of local conditions and considera- 
tions. It is the purpose of this paper to discuss these 
various systems from the standpoint of their individual 
characteristics, and also to indicate the possibilities for 
the correlation of the relay communication system with 
the telephonic communication, telemetering, or super- 
visory control systems which may be simultaneously 
employed. 


PRINCIPLE OF OPERATION 


Overall Protection by Directional Comparison. The 
underlying principle of operation of the directional com- 
parison method of relay protection is based upon the 
fact that the presence or absence of a fault on a trans- 
mission line can be determined from a knowledge of the 
relative directions of power flow at each end of the line. 
As an example, consider the usual case of a transmission 
line running between two stations, each of which is con- 
nected to a generating source, and assume that this 
transmission line is provided at each end with a power 
directional relay arranged to close its contacts when 
power flows into the line at that end. With this arrange- 
ment it will be seen that under conditions of normal 
power transfer over the line in either direction, the con- 
tacts of the directional relay at the receiver end of the 
line will always be open. This same condition holds in 
the case of a through fault in either direction. 

If a fault occurs on the line, however, the presence of 
generating capacity at both ends of the line will cause 
the flow of power at each end of the line to. be towards 
the fault with the result that both directional relays will 
be closed. Conversely, it follows from what has been 
said that the simultaneous closure of both directional 
relays indicates that the line is at fault. If a system of 
communication is set up between the ends of the line 
whereby the fact that both directional relays are closed 
at the same time may be established and made known 
at each end of the line, we have the essential elements of 
a relay protective system which performs in exactly the 
same way as the conventional system of differential 
protection. 

Of course this arrangement presupposes that the di- 
rectional relay at each end of the line will always func- 
tion as intended under every fault condition which may 
occur on the system regardless of the type or location of 
the fault. This requires that particular attention be paid 
to the design of the directional relay system used at each 
end of the line, but it is possible to design this equipment 
so that all conditions can be met, even when either end of 
the line protected may not always be connected to a 
generating source. In the case of tapped lines, it may be 
necessary to install a directional relay system at the end 
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of the tap and to connect the communication system to 
this point as well. 

It may be well to point out here that this relay system 
is not particularly well suited to the protection of a 
piece of equipment which may develop partial faults 
such as turn-to-turn faults in a generator, motor or 
transformer. It is desirable to clear such faults to pre- 
vent further damage to the equipment, and they can be 
cleared if the more sensitive types of differential protec- 
tion are used. With the directional comparison system, 
it is impossible to do this because power flow would con- 
tinue through the equipment and one of the directional 
relays would remain open. 

A transmission line, on the other hand, cannot de- 
velop a fault between phase wires and continue to trans- 
fer power over the phase affected. While this may be 
possible in the case of a ground fault on a transmission 
line, this condition is cared for in the design of the di- 
rectional relay system by the addition of a ground relay 
so that the system will function correctly on ground 
faults as well as phase faults. 

The communication system, which is considered as 
including the mechanism whereby the relative indica- 
tions of the two directional relays are compared and the 
tripping operations initiated as well as the actual me- 
dium of communication, may be considered as a tele- 
graph system. In its simplest form it consists of a 
conventional d-c telegraph circuit between the ends of 
the transmission line in which the keys are actuated by 
the directional relays and the sownders are replaced by 
auxiliary relays arranged to trip the circuit breakers. 
This arrangement is shown in Fig..1. This circuit auto- 
matically compares the relative directions of power flow 
at the ends of the line and initiates the tripping opera- 
tions under proper conditions, since current can flow in 
the telegraph circuit and through the tripping relays 
only when both directional relays are closed at the same 
time. 

In practise, the single directional relay shown is 
usually a directional relay system consisting of a group 
of relays designed to operate properly under all possible 
fault conditions. Furthermore, the system is so ar- 
ranged that the keys are actuated only when there is a 
fault on the power system, so that under normal condi- 
tions the keys at both ends of the communication circuit 
are open irrespective of whether or not load is being car- 
ried over the line. Stated another way, the directional 
relay system is inherently a fault detector as well as a 
directional detector. This arrangement is necessary, as 
will be shown later, to secure the most reliable operation 
from the communication system. 

There are several directional relay arrangements 
which are suitable for use with this protective scheme. 
In the case of protection against phase faults, a single 
directional relay of the polyphase type or else three 
single-phase units may be used. If the line is provided 
with directional phase or ground relays for back-up 
purposes in addition to the overall protection, the direc- 
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tional elements of these relays may be used to control 
the overall protection, provided the contacts of these 
directional elements are placed in the trip circuit of the 
relays as is often the case. When single-phase direc- 
tional elements having true or approximate wattmeter 
characteristics are used, it is necessary to associate an 
instantaneous overcurrent relay installed in the same 
phase with each directional element. The contacts of 
the directional and overcurrent elements of each phase 
are connected in series and the three-phase groups con- 
nected in parallel. It is possible to have an unsymmetri- 
cal fault behind the group of directional elements of 
such a nature that one of the single-phase directional 
elements will reverse and close its contacts. The phase 
on which this can happen will be carrying a relatively 
small current, however, so that the introduction of the 
overcurrent element set at the proper value will prevent 
the group of directional elements from closing the con- 
trol circuit of the protective scheme. 

These overcurrent elements also prevent this control 
circuit from being closed at either end of the line due to 
the flow of load current, which is necessary for the 
proper operation of the scheme. When a polyphase di- 
rectional relay is used, it must either be provided with 
voltage restraining coils which will hold the contacts 
open under load conditions or else be supplemented by 
a set of overcurrent elements to accomplish the same 
result. 

Some single-phase directional elements are provided 
with voltage restraining coils so that their contacts are 
normally open under flow of load current and have oper- 
ating characteristics such that the use of additional 
overcurrent elements are not necessary if they are used 
to control the protective scheme. 

The directional elements of ground relays are nor- 
mally open so that an overcurrent element is not strictly 
necessary, but the use of such an additional element 
may be considered desirable to reduce the sensitivity of 
the device. : 

It has been assumed so far that there is a source of 
fault current supply at each end of the line. The system 
can be made to function in case there is not a source of 
fault current supply at one end by replacing the direc- 
tional relay at that end by an equivalent system such as 
an instantaneous overcurrent element and an instan- 
taneous undervoltage element in each phase. The first 
element is circuit opening on overcurrent and the second 
element is circuit closing on undervoltage. The contacts 
of the two elements are connected in series. Normally 
the control circuit is open due to the presence of voltage 
on thetransmission line, but if the phase under considera- 
tion is faulted the voltage will drop causing the voltage 
element contacts to close. If this condition is caused by 
a through fault, however, the current element contacts 
will open before the voltage element contacts can close 
so that the control circuit will not be closed. If the fault 
is on the line the current element contacts will not open, 
so that the control circuit will be closed as soon as the 
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voltage element contacts have closed. A somewhat simi- 
lar arrangement can be made to secure correct opera- 
tion on ground faults. 

Other possible arrangements suggest themselves. 
When there is sometimes but not always a source of 
fault current supply at either end of the line, it is neces- 
sary to use both a directional relay and the above com- 
bination of current and voltage elements or some equiva- 
lent arrangement. 

Under certain conditions, the phase relay system may 
operate incorrectly at times of ground faults. When this 
can occur it is necessary to provide both a phase and a 
ground relay system and to interlock the two systems 
so as to render the phase relay system inoperative when 
there is flow of ground current. 

Transferred Tripping. In this arrangement, the com- 
munication system is used as an adjunct to a standard 
relay protection scheme either of the balanced current 
or step-by-step distance type in order to insure instan- 
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taneous tripping of both ends of the line under all condi- 
tions of faults occurring on the line. It is assumed that 
the relay protective scheme is of such nature that 
instantaneous tripping may be secured at, at least one 
end of the line for any type or location of fault on the 
line. The communication system, arranged as shown in 
Fig. 2, merely serves to trip the other breaker as soon 
as either breaker trip coil is energized. 

While this method is similar to the directional com- 
parison method in that instantaneous tripping for all 
fault positions on the line is obtained, its selectivity in 
the case of external faults depends upon the selectivity 
of the relay protection scheme at either line end. This 
relay protection scheme will be more complicated and 
costly than the directional relay system required by the 
directional comparison method. On the other hand, the 
line is completely protected, even if the communication 
system fails to operate. The directional comparison 
method will probably be the more desirable in the ma- 
jority of cases, although transferred tripping may be 
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useful in certain instances where selective timing relays 
are already installed or where there is an objection to 
the use of a communication system as a component part 
of the first line of defense. Either method requires a 
communication system of substantially the same form 
which must be as fast and as reliable in operation as 
possible. 


TYPES OF COMMUNICATION SYSTEMS 


The types of communication systems which are 
adaptable to this service are the d-c telegraph, the low- 
frequency rectified a-c pulse telegraph, carrier-current, 
and the voice-frequency telegraph. These systems will 
be described as applied specifically to the directional 
comparison method only, but the modifications required 
to adapt them to transferred tripping are self-evident. 

D-C Telegraph. The fundamental circuit of the d-c 
telegraph system has already been shown in Fig. 1. 
With this arrangement, however, it is evident that a 
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short circuit on the telegraph line will cause the line to 
be tripped at the end at which the telegraph battery is 
located if the directional relay system at that end is 
closed, irrespective of the operation of the directional 
relay system at the other end. This would result in an 
incorrect operation in the case of a through fault on the 
power system. For this reason, it is necessary to provide 
the telegraph circuit with a monitoring system which 
will detect faults on this circuit and automatically ren- 
der the relay system inoperative before a through fault 
is likely to occur. This can be done by normally energiz- 
ing the telegraph circuit through the coil of a sensitive 
fault detector relay as shown in dotted lines in Fig. 1. 
This fault detector relay may be arranged to lock open 
the telegraph circuit and give an alarm. 

Whenever a through fault occurs on the power system 
in such a position that the directional relay system at 
the end away from the battery will close, this will close 
the telegraph circuit through the fault detector relay. 
It is therefore necessary that the fault detector have 
sufficient resistance to keep the flow of current below 
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the operating point of the tripping relay at the distant 
end; and since the fault detector relay will operate, it is 
necessary to introduce a time delay in the lockout fea- 
ture so that such a system fault can be cleared before 
the telegraph circuit locks out. 

The telegraph circuit can be checked for continuity 
at any time by introducing a high resistance voltmeter 
at the end away from the battery, as shown by the 
dotted lines in Fig. 1. It is possible to secure an auto- 
matic indication of continuity by substituting a sensi- 
tive undervoltage alarm relay for the voltmeter, but 
this relay must have a sensitivity greater than the fault 
detector relay and sufficient resistance to keep the nor- 
mal flow of current below the operating point of the 
fault detector relay. 

The conventional d-c telegraph circuit employs a 
single wire with ground return. While this arrangement 
is theoretically suitable for use in this connection pro- 
vided the grounding points of the telegraph circuit are 
made at considerable distances from the power system 
grounds, it is not in general as safe or reliable for this 
particular service as the two-wire or metallic circuit 
grounded at only one point. 

The details of equipment and circuit arrangement 
will vary to a great extent with local conditions. In 
general, it is desirable to incorporate as much of the 
equipment associated with the telegraph circuit as 
possible in a single case so that it may be treated as a 
unit similar to a power relay. Fig. 3 shows the relay 
assembly used by the Philadelphia Electric Company 
at the battery end of the circuit consisting of circuit 
closing, tripping, fault detector, lockout and oil dashpot 
relays, the latter being used to give a time delay to the 
lockout function. Fig. 4 shows the relay assembly used 
at the other end of the circuit comprising circuit closing 
and tripping relays, together with a voltmeter for check- 
ing the continuity of the circuit. This latter assembly 
was designed for a 10,000-volt insulation between the 
telegraph circuit and the station control circuits which 
is required for all telephone circuits entering the particu- 
lar station in which this relay assembly is located. 

At the present time, to the writer’s knowledge, instal- 
lations of over-all protection by directional comparison 
employing the d-c telegraph have been made by the 
Oklahoma Gas and Electric Company!, the Duquesne. 
Light Company, the Los Angeles Gas and Electric 
Corporation,? the Tennessee Electric Power Company, 
and the Philadelphia Electric Company. The last 
four of these companies employ a two-wire metal- 
lic circuit either owned by the power company or 
leased from the local telephone company for each trans- 
mission line protected. The Oklahoma installation 
employs a grounded telegraph circuit derived from a 
simplexed telephone circuit which is also used for tele- 
phone conversation between the stations at the line 
terminals. 

Low-Frequency Rectified A-C Pulse Telegraph. 


1. For references see bibliography. 


In 
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general, two d-c telegraph circuits would be required for 
the protection of two parallel transmission lines. Al- 
though various modifications employing polarized relays 
and additional batteries may be made which permit the 
use of a single telegraph circuit, these arrangements are 
complicated and will not operate if both transmission 
lines are simultaneously faulted. In order to overcome 
these difficulties the arrangement shown in Fig. 5 is 


Fig. 3—D-C TrtecrarpH Retay ASSEMBLY FOR BATTERY 
STATION 


suggested, employing an alternating electromotive force 
of low frequency and suitable rectifying units acting as 
valves to control the flow of current through the 
tripping relays. The telegraph equipment of the upper 
line is operated by the positive half cycles of the vol- 
tage furnished by the alternator, while the equipment 
of the lower line is controlled by the negative half 
cycles. The use of low frequency is desirable to mini- 
mize the line reactance. The tripping relays must be 
designed to hold in over the opposite half cycles dur- 
ing which they receive no current. A standard 20- 
cycle ringing machine, continuously driven by a d-c 
motor from the station control battery would serve as 
the alternator, and standard copper-oxide rectifying 
units are suitable for use as valves. A d-c monitoring 
system may be readily adapted to the circuit. 

This is a pulse system and must not be confused with 
an alternating current system. Care must be taken to 
prevent the current pulses from setting up counter 


NEHER: THE USE OF COMMUNICATION FACILITIES 


599 


electromotive forces in the circuit and for this reason 
transformers cannot be used as coupling or line insulat- 
ing devices. 

Carrver-Current. A carrier-current system of overall 
protection of transmission lines against ground faults 
has been in operation on the Southern California Edi- 
son System for several years. In the manufacturer’s 
original design of carrier-current protection, the relative 
instantaneous directions of the residual current at each 
end of the line were compared by means of the carrier- 
current equipment,‘ rather than the relative directions 
of residual current flow. This arrangement had several 
disadvantages, including the limitation that while pro- 
tection could be secured against either phase faults, or 
ground faults, it could not be secured against both types 
of faults simultaneously with the same equipment. As 
a result the present form of this equipment offered by 
the manufacturer is based upon directional comparison 
of fault current flow and is therefore applicable to pro- 
tection against all types of faults.* 


Fig. 4—D-C TreLtecrarpy Revay ASSEMBLY FOR DIsTANT 
STATION 


The general arrangement of this equipment is indi- 
cated in Fig. 6. The line is equipped at each end with a 
carrier-current transmitter consisting of a vacuum tube 
master oscillator and power amplifier and a simple sin- 
gle tube receiver suitably coupled to two conductors of 
the transmission line. Since the transmission line is used 
asthecommunication channel, a short circuit between the 
conductors forming this channel would render the com- 


600 


munication system inoperative. It is therefore necessary 
to arrange the equipment so that the signals transmitted 
are used to prevent, rather than to initiate, the tripping 
operations. This in turn requires the installation of 
traps in the transmission line to prevent external faults 
from interfering with the communication. The signal 
transmission at each end of the line is initiated by an 
instantaneous directional relay (transmitter starting 
relay) which is directional towards the bus. The back 


contacts of this relay on opening put the master oscilla- . 
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tor of the transmitter into operation. A second direc- 
tional relay (tripping relay) which has a slight time de- 
lay and is made directional towards the line initiates the 
tripping operation unless a signal is received before its 
contacts have closed. If there is a fault on the line, 
therefore, no signals will be transmitted or received and 
the tripping operations are allowed to take place. In 
the case of a through fault, the tripping directional re- 
lay starts to operate at the end where power is flowing 
into the line, but a signal is instantly transmitted.from 
the other end, and is received in time to open the trip 
circuit before the contacts of the tripping directional 
relay have closed. 

A single frequency (100,000 cycles) is used for trans- 
mission in both directions and the transmitters and re- 
ceivers are tuned to this frequency. The filaments of the 
vacuum tubes are kept energized continuously, and the 
slight time delay required in initiating the tripping opera- 
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tion can be made as low as 3% cycles with assurances 
of getting positive lockout on through faults. 

Since the failure of either a transmitter or receiver 
equipment can produce tripping in the case of a through 
fault, some means of automatic supervision is necessary. 
This takes the form of a periodic timing device at each 
line end that momentarily energizes the transmitter. 
The associated receiver, being tuned to the same fre- 
quency, should respond and operate the receiver relay. 
The device is so arranged that an alarm is given in case 
the receiver fails to operate. By proper synchronization 
and arrangement of the supervising devices at the line 
ends, it is possible to check the overall transmission 
between stations and automatically to lock open the 
trip circuit at either end in case a signal is not received 
from the other end at the appointed time. 

Voice-Frequency Telegraph. A system of voice-fre- 
quency telegraphic communication suitable for the 
transmission of twelve messages simultaneously over a 
telephone circuit is in use by the American Telephone 
and Telegraph Company.’ This system operates on 
the principle that a different frequency is used for each 
telegraph channel. The twelve frequencies are super- 
imposed on the telephone circuit and separated at the 
receiving end by band pass filters after which each fre- 
quency is rectified and permitted to operate a receiving 
telegraph relay. 

This system may be readily adapted for relay com- 
munication as shown in Fig. 7. When the directional 
relay at either end of the transmission line closes, it per- 
mits the voice-frequency transmitter associated with it 
to transmit a signal of a definite frequency over the 
telephone line. The receiver system at the other end of 
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the transmission line is tuned to respond to this fre- 
quency and to this frequency only. The system is ar- 
ranged to trip the line when a signal is received at either 
end at the same time that the directional relay at that 
end is closed. The transmitter at one end of the line 
must be prevented from operating the receiver at the 
same end; this may be done by using two frequencies 
for each transmission line or else by substituting a 
bridge transformer for the repeating coil shown on the 
diagram. Such arrangements will keep the transmitted 
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frequency out of the receiver, so that both transmitters 
associated with one transmission line can operate at the 
same frequency thus permitting the protection of twelve 
transmission lines with a single telephone circuit. 

A suggested design of the voice-frequency telegraph 
equipment incorporating the transmitter and receiver 
in a single unit operative from a 250-volt power station 
control battery is shown in Fig. 8. The filaments of the 
vacuum tubes are continuously energized and the equip- 
ment is put into operation by the directional relay which 
applies plate potential to the tubes. 


SELECTION AND COORDINATION OF COMMUNICATION 
SYSTEMS 


The selection of the type of communication system 
best suited for the protection of a given transmission 
line involves a great number of considerations, many of 
which are beyond the scope of this paper. In general the 
type of relay communication employed should be closely 
coordinated with the type of telephonic communication 
used between the power stations involved. For instance, 
if the transmission line is equipped with a carrier-current 
telephone, the natural choice of relay communication 
would be the carrier-current type utilizing the existing 
coupling devices which represent a major part of the 
cost of this system. And where telephone circuits, 
whether leased or privately owned, are the most eco- 
nomical means of telephonic communication, the relay 
communication should utilize, if possible, the same or 
similar circuits. 

-In comparing the carrier-current system with the 
systems employing telegraph or telephone circuits, an 
important difference should be noted which arises from 
the use of the transmitted signal to prevent rather than 
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to initiate tripping. In the case of the carrier-current 
system, failure of the communication equipment will 
not interfere with the tripping of either end of the line 
for faults on the line, but may result in the tripping of a 
line end on through faults in one direction, depending 
upon what part of the communication equipment fails. 
Substantially the reverse is true with the other systems, 
since the failure of the communicative equipment ren- 
ders the protective system inoperative. Where suitable 
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backup protection can be provided, it is generally more 
desirable to have equipment failure render the primary 


‘protection inoperative than to have it make the system 


susceptable to inselective operation. However, many 
exceptions to this principle will be found. With proper 
supervision of the equipment, the probability of experi- 
encing serious system trouble as the result of the failure 
of either system is extremely small. : 

There is little choice between systems in respect to 
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CoMMUNICATION EQUIPMENT 


their speed of operation. The operating time of the 
carrier-current system has been given as 314 cycles, but 
this time can probably be reduced slightly where it is 
necessary. Contrasted with this, we have the sum of the 
operating times of a directional relay and a tripping re- 
lay which determines the operating time of the other 
systems. This time cannot be made materially less than 
11% cycles. With the high-speed breakers available at 
present having operating times in the order of 8 cycles, 
the difference in operating times of the communication 
systems is negligible. 

The earrier-current system is not adaptable to the 
protection of cable lines due to the fact that the cable 
capacity furnishes an effective short circuit across the 
line and thus prevents the passage of the signals. 

Where telegraph or telephone circuits are used, these 
circuits will, in the majority of cases, be leased from the 
local telephone company. In this event, certain restric- 
tions are placed on the circuits as to the magnitude of 
the voltage applied and current circulated; and also, in 
certain cases, a high degree of insulation strength will 
be required between the communication circuit and the 
power station ground or control circuits.’ These condi- 
tions may be complied with by the suitable design of the 
communication equipment in the power stations. 

In order to prevent interference with these circuits in 
the telephone exchanges through which they pass, 
special tagging may be employed, such as has become 
the custom with radio broadcasting circuits. The use of 
monitoring devices will indicate at once the occurrence 
of trouble on the circuit and the modern telephone plant 
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is so equipped that most trouble can be rectified in a 
very short time after it has been brought to the atten- 
tion of the telephone company. 

The d-c telegraph is the simplest and probably the 
most reliable form of relay communication, but as it 
requires a separate circuit for each transmission line 
protected, the cost of leasing these circuits may become 
an insurmountable item. The low-frequency rectified 
a-c pulse telegraph permits the protection of two trans- 
mission lines between the same power stations with a 
single communication circuit. While this system is in 
the experimental stage and will probably be limited to 
use with relatively short communication circuits, never- 
theless it offers possibilities for reducing the cost of the 
protection. The disadvantage that the failure of the 
communication circuit will invalidate the overall pro- 
tection of two lines is not particularly serious if the cir- 
cuit has a sufficiently high degree of reliability. 

In the case of a power system having a number of in- 
terconnected stations within a relatively small area, a 
single telephone circuit might be run from each station 
to a central point, and all of the interconnecting trans- 
. mission lines be given overall protection by use of the 
voice-frequency telegraph. While such an arrangement 
has not been tried, there should be no particular diffi- 
culty in constructing voice-frequency telegraph units 
along the general lines indicated in Fig. 8, which would 
be comparable in cost and reliability to the higher fre- 
quency units utilized with the carrier-current system. 
Under such conditions, the cost of carrying the few 
telephone circuits required might be considerably less 
than the investment in transmission line coupling de- 
vices and traps required by a complete carrier-current 
installation. 

When the power stations terminating the transmission 
line are directly connected by one or more telephone 
circuits, it is often possible to superpose either the d-c 
or low-frequency rectified a-c pulse telegraph on such 
telephone circuits. Such superposition is accomplished 
by simplexing or compositing. With respect to circuit 
facilities leased from telephone companies, it is the 
practise of certain of these companies to charge for their 
facilities on a channel basis. Where a talking channel 
and a superposed telegraph channel are both provided, 
the charge for each channel would be applied. 

When telemetering or supervisory control is used be- 
tween the power stations it may be possible to use the 
same circuits for relay communication as well, providing 
the two systems can be properly coordinated. 

Undoubtedly, there are other communication sys- 
tems or arrangenients suitable for relay purposes which 
have not been mentioned, but the systems which have 
been discussed appear to be the most readily adaptable. 
In the final analysis the communication system is the 
heart of the protective schemes described. Communica- 
tion is an art somewhat apart from relay engineering, 
and it is hoped that the few principles contained in this 
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paper may be of some interest to those more familiar 
with this art in providing facilities suitable for relay 


purposes. 


CONCLUSIONS 


The following conclusions may be drawn from the 
foregoing discussion: : 

1. Overall protection of transmission lines may be 
accomplished by comparing the relative directions of 
fault current flow at the terminals of the line. This 
arrangement resolves into a directional relay system at 
each end of the line interconnected by a communication 
system. 

2. Directional comparison secures all the advantages 
of differential protection; and by substituting a com- 
munication system for a-c pilot wires, results in a sim- 
pler, more reliable and less costly installation. 

3. The directional relay system required utilizes 
standard relays which in certain cases may be compo- 
nent parts of the normal or backup protection of the 
line. 

4. A communication system can also be used to link 
the trip circuits at the ends of a transmission line pro- 
vided with any conventional protection, thus insuring 
the simultaneous tripping of both line ends for all fault 
positions. 

5. Several types of communication systems are read- 
ily adaptable for relay purposes. The choice of the par- 
ticular system to be used is governed by local considera- 
tions, particularly in regard to possible coordination 
with other telephonic, telemetering, or supervisory con- 
trol circuits employed as adjuncts of the power system. 

6. The relay communication system is the heart of 
the protective scheme. The widespread use of transmis- 
sion line protection by the methods outlined lies in the 
availability of communication facilities which are re- 
liable and which may be secured without undue cost. 


Bibliography 


1. Relaying with Two Pilot Wires by C. H. Frier, Etectrican 
ENGINEERING, October 1931. 

2. “Supervisory Pilot-Wire Relaying—A Modified Form of 
Pilot-Wire Relay Circuit to Eliminate Cascaded Timing in 
Transmission Line Protection’’ by G. M. Babcock, Electrical West, 
May 15, 1932. 

3. Evolving a Modern Protective Relay System by EK. R. Stauf- 
facher, ELecrrRicaL ENGINEERING, April 1931. 

' 4. A Carrier-Current Pilot System of Transmission Line Pro- 
tection by A.S. Fitzgerald, A.I.E.E. Trans., Vol. 47, p. 22. 

5. “Carrier-Current Relaying Proves its Effectiveness” by 
P. Sporn and C. H. Muller, Electrical World, September 10, 1932. 

6. “Pilot Protection by Power-directional Relays Using Car- 
rier Current” by O.C. Traver, John Auchincloss, and BH. H. Bane- 
ker, General Electric Review, November 1932. 

7. Voice Frequency Carrier Telegraph System for Cables by 
B. P. Hamilton, H. Nyquist, M. B. Long, and W. A. Phelps, 
A.1.E.E. Journan, March 1925. 

8. Telemetering, Supervisory Control and Associated Communi- 
cation Circwits—Report of Subcommittee, Etmcrrican Enai- 
NEERING, September 1932. 


— =~ « 


June 1933 


Discussion 


EK. E. George and W. R. Brownlee: Mr. Neher’s paper has 
brought out a number of significant facts regarding pilot wire 
relaying and it should also arouse a great deal of renewed interest 
in system protection by this method. In the light of our limited 
experience and study we are in accord with practically all of his 
conclusions. 

The Tennessee Electric Power Company has in operation a 
14-mile 110-kv overhead transmission tie line protected by a 7- 
mile loop of metallic telephone cireuit. Full back-up protection 
has been provided. This pilot wire installation was completed 
on November 20, 1932, at which time a series of short-circuit 
tests involving ares both phase-to-phase and phase-to-ground 
was made. The results of these tests showed that very rapid 
and accurate protection was secured by means of pilot wire 
protection. None of the difficulties which were formerly ex- 
perienced in connection with induced currents or voltages was 
encountered. However, it was found that the pilot wire itself 
would draw enough charging current when the contacts at one 
end only were closed to cause the tripping relays to operate 
occasionally. This was corrected by means of connecting a 2-uf 
condenser across the coil of each tripping relay. The few system 
operations since this time have been correct in that the pilot wire 
protection has cleared all faults within this section very rapidly 
and has not operated in cases of through trouble. The d-e tele- 
oraph system was preferred on account of its simplicity and 
reliability particularly since we much prefer that a relay equip- 
ment failure should result in a circuit failing to trip when desired 
instead of causing various circuits to open incorrectly. The 
metallic telephone circuit is leased from the Southern Bell Tele- 
phone and Telegraph Company. 

Insulation. For the auxiliary circuit closing relays and tripping 
relays this company uses a small relay provided with a vacuum 
contact in order to secure the required insulation between the 
telegraph circuit and the station circuits. Also the operating 
battery is leased from the American Telephone and Telegraph 
Company and is located at its exchange since it was necessary 
that both ends of the circuit should have high insulation. Even 
in cases where high insulation is not required at both ends it is 
desirable to compare the cost of dry batteries with the rental 
charge of a storage battery at the exchange. The relative 
sconomy may depend on the load taken from the battery for 
supervisory purposes. 

Direction. It has been found very advantageous to use 3 single- 
phase directional units with voltage restraint and with torque 
depending on phase-angle for phase protection. This avoids the 
2omplication of additional overcurrent relays: and the necessity 
of locking out the phase relays on the occurrence of ground faults. 
Potential amplification permits high speed at low voltages. In 
order to obtain the desired speed and sensitivity in ease of single- 
phase faults to ground we prefer to add a high speed directional 
zround relay with its contacts in parallel with the phase relays. 

Line Tests. When an overhead line has been cleared at both 
ands by relay protection it is customary to make a test on this 
line at full voltage from one end or the other. The usual scheme 
of pilot wire protection would be out of service for such a con- 
dition. Even if a combination of under voltage and current 
relays as described for use at stations where there is no power 
supply were added to each end of the line, correct operation could 
not be secured unless the potential transformers were on the line 
side of the oil circuit breaker. 

We are considering the use of an auxiliary finger on the oil 
sireuit breaker which is closed when the oil circuit breaker is 
»pen to be connected in parallel with the directional contacts at 
2ach station. Of course an insulating relay must be interposed if 
high insulation is required. If it is found impractical to coordi- 
nate the auxiliary fingers on the oil cireuit breaker so that the b 
finger opens sufficiently ahead of the closing of the a finger (in 
series with trip coil) when the breaker is closed, the circuit of the 
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b finger may be placed in series with a contact on the control 
switch which is open only during the time the control switch is 
being operated. 


Supervision. An open circuit in the pilot wire or a battery 
failure can be detected readily with volt meters or possibly alarm 
relays whether the battery is located at one end or at the center 
of the loop. This company is experimenting with the use of neon 
lamps for this purpose on account of the fact that they can be 
noticed much more readily than volt meters. With good super- 
vision it is likely that a short circuit on the pilot wire circuit 
would be detected and the pilot wire equipment removed from 
service before a short circuit would occur on the high tension 
system. 

G. B. Dodds: It may be of interest to state that the use of 
communication facilities for transmission line relaying has not 
been confined to this country, but has also been used in both 
England and Australia. In the December 1932 issue of an 
English publication, the Metropolitan-Vickers Gazette, is an 


‘article on ‘“‘D-C Pilot Wire System of Relay Protection’’ by 


C. M. Longfield and A. D. Stevenson. In this article reference 
is made to an installation made in Sidney, Australia, in 1929, 
which has been in successful operation since that time. Addi- 
tional reference also is made to this type of protection in the 
Bulletin of Institution of Engineers, Australia, Volume 5, No. 20, 
October 1928; and also in a paper on ‘‘Recent Developments in 
the Protection of Three-Phase Transmission Lines and Feeders”’ 
by Messrs. Ross and Bell, Journal of the I.E.E., July 1930. 


It is significant that in England, where various forms of a-c 
pilot wire protection have been used extensively and considered 
to give the most reliable and satisfactory protection (where its 
cost was not prohibitive), they are considering the use of this 
new principle of protection. 

It is also of interest to note that in the systems described in 
English literature, a majority of them operate on what is termed 
the “‘lock-in”’ principle, that is, considering a ring feed, in which 
a number of automatic breakers are in series, only the breaker 
closest to the fault would be permitted to trip, while the other 
breakers were locked-in by having their trip circuits opened by 
the initiation of the relay closest to the fault. This is similar in 
principle to the operation of the ecarrier-current protection re- 
ferred to in Mr. Neher’s paper. 

This new type of protection will serve as a valuable adjunct 
to the protection methods now in use. It will permit the solution 
of many difficult protection problems which otherwise could not 
be solved except by a more expensive means. However, it will 
not supplant the many established forms of protection now in 
use, but will rather supplement them as an accessory tool. It 
is not believed that the older forms of a-e pilot wire will be alto- 
gether superseded as it is still felt that, particularly on short 
transmission loops, the old type of pilot wire protection will cost 
no more and will have some advantages—one of which is that no 
potential transformers are necessary. 

A. F. Rose: In dealing with the selection of communication 
systems the author mentions that an important distinetion be- 
tween power line carrier channels and other types of cireuits 
which do not depend on power line continuity, is the use of the 
transmitted signal in the first case to prevent breaker tripping, 
whereas with the isolated communication channel the signals are 
used to initiate tripping. Where a power line carrier system is 
used, there are obvious reasons favoring the use of the former 
type of tripping control whereas with an isolated communication 
channel which is dependable, the choice between the two types of 
tripping control need not be biased by the communication channel 
limitations. Also, the isolated communication channel permits 
changing from one type of tripping to the other in the event 
changes in the power network make this desirable in addition to 
permitting the initiative method which the author generally 
prefers. The use of isolated communication channels, therefore, 
seems generally most desirable. 
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The author also mentions the restrictions on voltage and cur- 
rent which are involved in cases where the circuits are leased from 
the Telephone Company and that these requirements do not 
ordinarily limit the practical operation of the overall protection 
system. In some eases, however, the types of terminal apparatus 
may cause sufficient wave form distortion of the voltage or cur- 
rent in the leased cireuit to react unfavorably on other nearby 
communication circuits. As pointed out in the report of the 
Subcommittee on Telemetering, Supervisory Control, and 
Associated Communication Cireuits presented at the Cleveland 
meeting last year, most of the manufacturers plan their equip- 
ment so as to avoid this reaction. In cases where this has not 
been done by the manufacturer the extent of the reaction can be 
easily determined by test and, where necessary, corrective devices 
readily applied. 

E. H. Bancker: Mr. Neher’s paper is very opportune because 
it is becoming more and more apparent that it is difficult if not 
impossible for relays using factors available at one point of a sys- 


tem to provide the speed and selectivity desired and also to dis- . 


tinguish between fault and subsequent oscillation conditions. 

The three electrical dimensions of an alternating-current sys- 
tem are voltage, current, and the angle between them. These 
three and time, are the only quantities available at any point 
whereby relays situated there may attempt to determine that 
there is a fault and ascertain its whereabouts. Almost every 
conceivable combination and permutation of these quantities, 
products, differences, and quotients, has been employed singly 
and in groups, and the result is an ever rising standard of per- 
formance that, as pointed out by Mr. Neher, is still somewhat 
removed from the ideal. 

In view of the many ingenious ways in which current, voltage, 
angle, and time have been combined there would seem to be 
rather faint hope that any further combinations will greatly 
improve the performance of relays dependent upon them. The 
solution appears to be to go elsewhere on the system for further 
analytical data and to what more obvious place than the other 
end of the circuit in question? The familiar differential and pilot 
methods of protection used this principle by bringing together 
for comparison the magnitude and/or phase angle of the terminal 
currents. 


There are both technical and economic limits to the distance 
over which such information may be transmitted but if some 
form of comparison, such as power direction, can be made locally 
and the result translated into contact position, any reliable tele- 
graph channel is suitable for conveying information from one 
end of a cireuit to the other. This is the important thing to be 
borne in mind because, although communication and protective 
relay arts have scarcely impinged on each other heretofore, both 
are highly developed and the protection engineer should not feel 
that he is venturing on untrodden paths in considering the use 
of asimple communication system to augment an almost standard 
group of relays. 

The prineiples employed are so fundamentally sound and 
simple and the necessary devices of so nearly standard construc- 
tion that the next few years should witness widespread accept- 
ance of the idea of bringing communication facilities into pro- 
tective practise. If this prophecy is fulfilled there will result 
not only faster clearing of faults but also a new freedom for the 
system designer and operator. The restriction to parallel opera- 
tion of lines imposed by balanced relays will no longer apply if 
there are any reasons for doing otherwise. For example pairs 
of lines which are now tapped to serve some intermediate load 
areas may be rearranged as a series of loops. Faults will be 
cleared more rapidly and each station will have a feed from both 
directions with no inerease in the number of breakers. Thus in 
the event of double-cireuit faults, service still will be maintained. 
Lines of more than two ends are as easily protected as simple 
lines if the communication channel is available. Ground faults 
receive as good protection as those involving two or more wires, 
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a feature that may not be required from stability considerations 
but one which is highly desirable nevertheless. Twin-cireuit 
faults of any nature should clear as rapidly as single-circuit 
faults. This may become of increasing importance, because as 
efforts are made to render circuits immune to lightning, many 
single-cireuit outages will be avoided but the remaining dis- 
turbances probably will increase the percentage (not number) 
of double-circuit faults. 

Although much more could be said the foregoing is sufficient to 
indicate that there are many benefits to be derived from changes 
in relay practise, such as are outlined in Mr. Neher’s paper. Be- 
lieving this to be the case the General Electric Company has 
been active in the development of a carrier pilot protective sys- 
tem in which the carrier current equipment is assigned the simple 
task of indicating at one or more stations the position of power 
directional relay contacts at some other station. The articles 
mentioned in Mr. Neher’s bibliography describe the system and 
tests made upon it. 

Carrier has been selected as the most desirable medium of 
communication because as used, the channel must be reliable 
when it is wanted which is during external faults. 
itself is not capable of serving as a communication channel, it is 
either because it is faulted or open-circuited. In the former ease 
it is not needed as a communication link because the carrier is not 
sent out during internal faults. In the latter case there is no 
current to operate the tripping relays, so it is immaterial whether 
the channel is intact or not. It is recognized that although other 
communication facilities might serve to convey the required 
impulse, a transmission line carrying current to a fault elsewhere 
provides a self-checking channel of the greatest reliability. 
Therefore, unless alternative means effect a considerable saving, 
or there are technical obstacles to its use, it is believed that 
carrier is the most satisfactory of the communication channels 
avilable for pilot relaying. 

H. P. Sleeper: Mr. Neher has made a very important point 
that attention should be given to the matter of the overall pro- 
tection of transmission lines. Many of the ordinary relay systems 
in use today will disconnect one end of a transmission line rapidly 
but require a considerable time delay to effect the disconnection 
at the other end. Hence the simultaneous operation of the relays 
may be considered just as important as the factor of instantane- 
ous disconnection. 


Reviewing existing schemes of relaying, and interpreting this 
restriction literally, this narrows down our field to some type of 
differential protection. Of these pilot wire protection is the 
simplest. Formerly such protection made use solely of the a-c 
circuits and resulted in engineering problems of considerable 
magnitude. 

Mr. Neher’s paper describes a very ingenious method of over- 
coming such difficulties by effecting the differential action with 
the d-e control circuits only. This unquestionably is a distinet 
step forward in the art of differential protection. It has, how- 
ever, the economic disadvantage of high cost, which is common to 
all schemes which use pilot wires of any type. This factor must 
be given serious consideration and may be prohibitive unless the 
engineering features of the scheme can be very highly capitalized. 

There are substitutes for pilot wire protection, or overall 
differential protection to use a general term, in the nature of 
balanced protection between pairs of lines if available, and the 
use of schemes of current measurement, which, particularly in 
the ease of ground protection, may be found to give instantaneous, 
simultaneous, or sequential operation of the relays on the ends 
of the lines. These schemes frequently offer an economic substi- 
tute for the more expensive pilot wire protection and offer only 
slight engineering disadvantages in comparison. 

It is important to note, however, that none of these schemes 
offers a universal solution which can generally be applied to the 
protection of transmission lines in a complicated network. The 
scheme is yet to be developed which can be applied in. all loea- 
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tions, which preferably cover both phase and ground protection 
of such lines, and which will economically meet all the require- 
ments of ideal relaying. While all schemes of pilot wire relaying 
may fulfill the engineering specifications, the cost would rule out 
their common application. It is therefore important to note that 
while such schemes have been improved and. simplified, as 
described in Mr. Neher’s paper, they must continue to remain 
limited in their volume of applications for the reasons noted 
above. The panacea for the bulk of the relay engineer’s problems 
is still undiscovered. 


However the ills of time element relaying have been cured 
mostly by the use of relays of the distance type, as far as short- 
circuit protection is concerned. Ground distance relays are still 
unsatisfactory but progress is being made. It therefore seems 
quite possible that the ideal protective system which will operate 
on all ends instantaneously and simultaneously, for all types of 
faults, may be soon made available by combining relays of the 
distance type with some of the schemes described in Mr. Neher’s 
paper, probably making use of the carrier current feature to avoid 
the disadvantage of pilot wires. 


C. A. Muller: On modern power transmission systems the 
fast clearing of line faults is necessary so as not to upset the 
stability of the systems and further, to prevent prolonged voltage 
surges which cause customers’ motors to drop off the line. The 
present schemes of high speed relaying, such as instantaneous 
overcurrent relays, definitely set to clear faults within a pre- 
determined distance from the outgoing bus, balanced line relays, 
and distance relays of both the reactance and impedance types 
are each more or less limited in obtaining fast relaying under all 
conditions. It has been our experience that probably the most 
serious disadvantage of any of the above schemes is that they 
do not permit fast relaying when simultaneous trouble occurs on 
both cireuits of a double-circuit line. 

It has been apparent for a long time that the only method for 
accomplishing high speed clearing of faults 100 per cent of the 
times would be a relay scheme which would be equivalent to 
differential protection of the line section. During 1927-1928 we 
made a great number of field tests on a carrier current pilot 
system of relay protection to determine if the scheme was fool- 
proof. Our experience with carrier current was such that we 
were satisfied that if the scheme could be made to operate 
satisfactorily it would give ideal protection. Although this 
original installation proved on field tests to have some serious 
defects, the results of these tests convinced us that the principle 
of employing carrier current in place of pilot wires was sound. 
- After further study of this scheme of protection we became con- 
vinced that the only method to make it operate successfully was 
to employ carrier current solely for transmitting a signal from one 
station to the other station and to employ power directional 
relays at each station to determine whether the fault was internal 
or external to the section. Then, depending on whether the fault 
was external or internal, the directional relays would cause 
carrier current to be transmitted so as to block or not block the 
tripping relays as the case might be. 

The, outgrowth of this was the development of a very much 
simplified form of carrier current pilot system utilizing direc- 
tional relays for actuation of carrier current and causing locking 
out of the tripping relays on through faults. An experimental 
installation of this type was made in Ohio on the Newark- 
Crooksville 66-kv line and field tests were made on it. The 
results of these tests! prove that this form of protection is 
reliable and can be depended upon to give satisfactory operation 
in a maximum time of four cycles. 

Mr. Neher’s paper presents very clearly the various other 
means in addition to carrier current that could be employed in 
‘place of pilot wires to obtain inherently 100 per cent protection 
of a line section with high speed relaying. In all of these schemes 


1. ‘‘Carrier Current Relaying Proves Its Effectiveness,’’ P. Sporn and 
C. A. Muller, Electrical World, September 10, 1932. 
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it is to be noted that power directional relays are employed at 
both stations to determine whether the fault is internal or 
external to the section and that the directional relays cause a 
signal to be transmitted from one station to the other station 
either to block or not block the tripping relays, depending on 
whether the fault is internal or external to the line section. 

In regard to the employment of telephone circuits either leased 
or privately owned for pilot wires, it has been the experience on 
our system that the carrier current equipment is far more reliable 
than either leased or privately owned telephone circuits have been 
and that carrier current on a well-built transmission line could 
be depended upon to transmit a signal where all other means of 
transmission had failed. 

R. J. Wensley: The application of protective relay systems 
should be studied rather carefully to ensure the selection of that 
system which will give the needed protection for the least cost. 
Due regard must be had for the importance of the service and 
the amount which can be spent for insurance of that service. 
Increased total loading limits due to improved stability is to be 
considered on the credit side of the evaluation when such increase 
in capacity is made possible by the increase in speed and cer- 
tainty of selection of the relay system being considered. 

The simplicity and high degree of reliability to be obtained 
by the use of leased pilot wires makes this form of high speed 
protection very desirable. The communication companies have 
made great strides in the perfection of their circuits, and a very 
high order of continuity is now available in the more thickly 
populated portions of the country. For short lines where leased 
pilot wires through “‘all cable’’ routes are available, it would seem 
probable that no other form of high speed protection would be 
as simple and as low in overall cost. As the lines increase in 
length, the annual rental cost rises in proportion and becomes 
uneconomical. Although conditions and cost vary with locality, 
voltage of line and other variables, it is probable that the limit 
of economical use of pilot wires will lie between 50 and 75 miles. 

As a substitute for the leased pilot wires, there are three 
optional systems: 


1. Specially built pilot wires. 

2. Distance relays. 

3. Carrier pilot system. 

The first of these is almost obviously limited to cable systems 
within very short distances, usually inside the limits of a large 
city. 

The second option has received much attention in recent years 
and much development work has been done to improve the speed 
and selectivity of such systems. It is possible to secure practi- 
cally 100 per cent high speed protection for about 80 per cent of 
the transmission line and slightly delayed but fully selective 
protection over the remaining 20 per cent of the line. If the line 
is important and is loaded to such an extent as to approach 
instability, this 20 per cent portion cannot be tolerated. 

The third option, carrier pilot systems, offers the only method 
by which long, important sections of line can be given fully 
selective, high speed relaying at a reasonable expense. There are 
many disadvantages which must be considered when carrier 
applications are discussed. None of these should be considered 
as bars to the use of carrier where such use is economically 
justified. But those making carrier applications should under- 
stand the limitations and the uncertainties of carrier operation. 

Carrier systems require some form of coupling to the line. 
This grows increasingly expensive as the voltage of the line 
increases. Space must be provided in the substation structure 
for the coupling equipment. Series tuned chokes must be in- 
stalled in the high tension lines to limit the carrier to a given 
section. Radio tubes of considerable capacity must be main- 
tained in an energized condition at all times to be ready for 
instant service when needed. The resonant circuits of the re- 
ceiver are liable to shock excitation which may be furnished by 
areing grounds. 
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In spite of all these disadvantages, there is a definite place for 
carrier pilot systems and the above cautions are intended only as 
a warning to prospective users of carrier that there are many 
difficulties to be surmounted, and that the equipment should be 
applied with its limitations fully understood. 


In any event, the transmission line should be fully protected 
by an adequate system of relays to obtain the best possible 
selectivity, should the carrier fail to perform. Should the appli- 
cation be properly made, the carrier will serve as an added feature 
to ensure high speed but which will not paralyze the system 
should it fail. There are many transmission links where the 
service is of such prime importance that the added cost of the 
carrier pilot is well justified. A few cycles may often be the 
margin between no interruption to service and a very messy 
interruption with plants out of synchronism and much service 
impaired. 

J. H. Neher: The use of a battery located at approximately 
the middle of the direct current telegraph circuit, as mentioned 
by Messrs. George and Brownlee, is ideal in many respects, and 
permits automatic fault detection and lockout at the power 
stations if the minimum operating current of the tripping relays 
can be made sufficiently above the operating current of the fault 
detector relays, which would be arranged to close their contacts 
when the normal current through the loop departed in either 
direction from the prescribed limits. In order to make the direct 
current telegraph as insensitive as possible to surges, stray cur- 
rents, etc., it is desirable to make the tripping current as high 
as is permissible, and to use enough battery voltage (within the 
permissible limits) to drive this current through the loop. In 
certain cases it may not be possible to obtain the requisite bat- 
tery facilities in the telephone plant to work the tripping current 
up to its permissible limit. 

With regard to methods for making the protective scheme 
operative in case one end of a faulted line is closed back on the 
bus, the simplest arrangement consists of an additional connec- 
tion between the contacts of the directional relay and the trip 
circuit through a set of contacts on the breaker closing control 
button. As long as this button is held in the closing position, 
the line is automatically given instantaneous relay protection. 


In connection with the use of direct current pilot wires in 
England, protection by this means was suggested to the British 
Institute as early as 1908. The method was similar to the direct- 
current pilot wire loop which has been described; although British 
development seems to have been along the lines of the “lock-in” 
or “interlock” systems, using the transmitted signal to prevent 
the tripping operations, as Mr. Dodds points out. A recent 
development termed ‘‘duplex’”’ trips either end upon the simul- 


taneous closure of the directional relay at that end, and the | 


receipt of a signal from the opposite end, a duplex telegraph 
circuit being employed to permit the simultaneous transmission 
of two signals in opposite directions. It is not apparent that 
this arrangement has any advantage over the direct-current pilot 
wire loop, since both systems are susceptible to incorrect opera- 
tion in case of a short circuit of the pilot wire. 
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As Mr. Rose has stated, the use of an isolated communication 
system permits the use of the transmitted impulse either to 
initiate or to prevent tripping. Im the case of carrier current the i 
signal must be used to prevent tripping for reasons which have 
already been explained. Sufficient space was not available in — 
the paper to discuss various possible modifications of the direct- 
current circuit and it may be well to note here that by making 
this circuit either of the open or closed type it is possible to ar- 
range either the initiative or preventive methods so that the 
system will give either, positive operation for faults on the line 
protected (whether or not the pilot wire circuit is in trouble) at 
the expense of possible operations on through faults; or positive 
non-operation on through faults at the expense of possible non- 
operation for faults on the line. Where it can be used, the initia- 
tive method is desirable since it eliminates the necessity for time 
delay relays. The arrangement to be used is a matter governed 
largely by the particular installation and involves such factors as 
the efficiency of the back-up protection provided and the primary 
purpose for which the protection is installed. That is, if the 
overall protection is installed merely to speed up the clearing of 
an otherwise selective system, the arrangement giving positive 
non-operation on through faults is to be preferred; whereas if the 
overall protection is installed to obtain selectivity, otherwise im- 
possible, conditions may be such that the failure of the protected 
line to trip with a fault on it would be far more serious than its 
tripping on a through fault. In this case positive operation for 
faults on the protected line would be preferable. 

Mr. Rose also has raised a point concerning the interference 
offered by the communication systems discussed. Since neither 
the low frequency rectified alternating current pulse system nor 
the voice frequency telegraph has been applied in the exact 
manner and for the purpose described, it is impossible to state 
at this time just how much interference would be offered by these 
systems. It should be realized that the duration of the inter- 
ference would be for only a few seconds at very infrequent inter- 
vals. Should cases come up where the application of either of these 
systems appears to be desirable, however, there is little doubt 
that the interference could be kept within the required limits by 
the suitable design of the terminal equipment involved. 

The methods of protection described are not offered as a 
panacea for all relay troubles but rather as a useful tool, admit- 
tedly costly, which may be the best solution in a great number 
of situations where the end gained justifies the expense. 

Regarding the relative merits of the carrier current and tele- 
phone or telegraph circuit systems, the arguments and evidence 
in favor of either system which have been brought out in the dis- 
cussions indicate this significant fact—either method is satis- 
factory and reliable. This is the main thing that we are concerned 
with here. This paper merely endeavors to indicate the various 
possibilities in this connection, realizing that the ultimate choice 
of the system to be used is too largely a matter of local considera- 
tion to permit any generalization to be made. With the facilities 
which are, or can be, made available, this form of protection 
should go a long way toward solving many of the present diffi- 
culties in transmission line relaying. 
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Protection of Electrical Apparatus 


Recommended Practise 
By Relay Subcommittee,* O. C. Traver, Chairman 


Synopsis.—The Relay Subcommittee of the Protective Devices 
Committee herewith submits its recommendations for the protection 
of electrical apparatus. These recommendations are based upon a 
questionnaire and the thirty-seven replies thereto from specialists in 
this line. The answers were interpreted and codified by a group of 


twenty experienced engineers particularly interested in the protec- 
tion of electrical apparatus and circuits. It is hoped that this 
consensus of the present-day opinion will be the beginning of a series 
that will be augmented and improved with each periodic analysis and 
reissue. 


N the past, three papers entitled Transmission Line 
Relay Protection have been presented before the 
Institute. These indicated the progress of that pro- 

tective art and discussed in some detail certain methods 
which were in use at the time they were written. 

The last of these, presented in 1930, contained brief 
notes on the protection of some of the major items of 
system equipment. It was felt at that time, however, 
that it would be desirable to have a similar paper pre- 
sented, devoted entirely to apparatus protection. It is, 
therefore, the purpose of this paper to present a review 
of those methods which are in general favor at the pres- 
ent time, and which are considered good practise for 
the protection of the main items of electrical apparatus. 

The information upon which the present paper is 
based was furnished by representative engineers associa- 
ted with protective problems in the public utility and 
industrial fields. In order that the survey might be 
as comprehensive as possible, 61 copies of a ques- 
tionnaire were distributed, of which 37 were re- 
turned. To guard against answers being given in the 
light of past practise the transmittal letter laid particu- 
lar emphasis upon the value of opinions based on future 
applications rather than upon existing installations. It 
may therefore be confidently assumed that the con- 
densed results given below express the most advanced 
ideas of a preponderant body of engineers engaged di- 

rectly in the study of protective problems. 

_ Ina very few cases the average opinion expressed in 
answers to the questions differs somewhat from the 
views of the committee. Where such disagreements 
occur, both opinions are given, together with the rea- 
sons which influenced the committee in qualifying the 
average opinion disclosed by the questionnaire. While 
agreement was not always unanimous no radically 
different views were found to exist. 

There appears to be a definite recognition of the im- 
portance of considering protection problems from two 
major viewpoints, namely their monetary significance 
as insurance against damage to equipment, and the less 
tangible but no less vital relation which they bear to the 
value of the service in terms of goodwill. The former 
may readily be computed from existing records of repair 


*For personnel of Relay Subcommittee, see end of paper. 
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costs; the latter is more difficult of evaluation in a pe- 
cuniary sense and is consequently susceptible to a 
variety of conclusions when considered from the angle 
of return on the capital invested. It is not disputed that 
this return is large, especially in comparison with the 
cost of the protective devices, and probably will loom 
still larger as growth and interconnections continue. 

In arriving at its opinions the committee duly weighed 
the cost of the protective equipment against the value 
of the results to be expected. This procedure will be 
found borne out by the kva ratings for which the more 
expensive methods of protection are recommended. Not 
only is a large piece of apparatus inherently more costly 
than a small one but its incapacity to operate due to 
extensive damage will result in relatively greater incon- 
venience to the system which it serves. 

It should also be remembered that these recommenda- 
tions apply to the general case and that special situations 
will arise in which it may be deemed advisable either to 
raise or lower them. Machines of a certain rating may 
seem unimportant on a large system and yet attain 
considerable importance when the system to which they 
are attached is itself small. In view of the difficulty of 
basing recommended ratings upon the size of the system 
the committee felt that it was preferable to consider 
such ratings upon the more definite basis of intrinsic 
values and relative costs of protection. 

This paper deals particularly with protection against 
electrical and mechanical failure. When applied to un- 
attended apparatus it overlaps to some extent the field 
of A.I.E.E. Standards No. 26 on Automatic Stations 
which also embraces protection against failure of control 
devices. 


_ A-C GENERATORS 
Whether Steam Turbine, Waterwheel, or Engine-Driven 


Differential Protection. In general, differential pro- 
tection is recommended for a-c generators. This equip- 
ment should disconnect the line and field simultaneously 
and also the neutral if an adequate breaker is provided. 
In some cases it shuts off the power supply to the prime 
mover. It should also prevent any dangerous rise of ex- 
citer voltage when this machine is directly connected to 
a hydro-generator or in any other situation in which the 
exciter may attain excessive speed upon loss of load on 
the prime mover. As a further precaution against the 
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spread of destructive effects following an internal failure, 
the differential relay may be utilized to liberate carbon 
dioxide within the shell of any machine which has a 
degree of enclosure sufficient to render the gas effective. 

For generators of either the open or enclosed type at 
attended stations, differential protection is recommended 
for ratings of 1,000 kva and above. The average, as de- 
rived from the answers to the questionnaire, is 3,000 kva 
but in view of the intrinsic value and the good results on 
record the committee felt justified in lowering this 
figure. 

At unattended stations differential protection is rec- 
ommended for generators rated at 250 kva and above. 

From the standpoint of service, a small generator 
may be frequently as important as a large one, and this 
is especially true where a small machine is operating 
directly on a bus with larger generators which are al- 
ready provided with differential protection. In such a 
case a fault occurring in the small generator, if not 
quickly removed, may prove as embarrassing to the 
service as a similar fault occurring in a large generator; 
hence differential protection for the small machine is 
here strongly indicated. 

In view of the decreased hazard of insulation failure 
at low voltages, this form of protection is recommended 
only on machines rated 2,300 volts and over. This opin- 
ion is strengthened by the high current values usually 
encountered at lower voltages, since these require rather 
massive terminals and involve greater difficulty in 
bringing out all the necessary armature leads. 

It is recommended that the zone protected by the dif- 
ferential relay include as far as possible all conductors 
which extend from the generator armature to the bus 
and the circuit breaker as well. 

On generators of 20,000 kva or larger, having two or 
more parallel windings per phase, and where there is a 
possibility of turn-to-turn failure, it is reeommended 
that additional protection be provided in the form of a 
differential relay actuated by a difference of in-phase 
currents which may occur in the parallel windings. 
When the neutral is solidly grounded a turn-to-turn 
fault will usually soon develop into a fault to ground, 
therefore this protection is recommended particularly in 
cases where the generator neutral is not solidly grounded. 
The possibility of circulating currents must also be in- 
vestigated when parallel balance is contemplated; these 
however can perhaps be avoided when the machine is 
designed. Unless this precaution is taken it is possible 
that circulating currents may cause improper operation 
of the relay on external faults. With some types of 
armature windings this relay is also capable of detecting 
short-circuited turns in the field winding. Since this 
form of protection is recommended only for large ma- 
chines its provision adds but a small fraction to the 
overall cost of the unit. 

Overcurrent Protection. The use of overcurrent protec- 
tion for generators in attended stations is not regarded 
favorably, but at unattended stations it is recom- 
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mended for back-up protection. When generators at 


attended or unattended stations are not provided with — 


differential protection, then overcurrent devices, actu- 
ated either directly by the armature current or by its 
thermal effect (replica relay)! should be employed. It 
should be noted however that, because of the rapid 


decrement of the short-circuit current, care must be — 


exercised in the use of overcurrent relays. 
Temperature relays are regarded as a valuable guide 
to the operator. It is the general opinion that in at- 


tended stations they should not disconnect the machine ~ 


but should only provide a warning signal. 
Field Temperature Protection. In general field tem- 


perature protection is not recommended. An exception | 


however is made in favor of its application to generators 
which are provided with high-speed excitation and par- 
alleled over long transmission lines. Under short-circuit 
conditions a heavy field is quickly applied to hold these 
generators in step. If this field current is not reduced 
within a reasonable time it is possible that the generator 
field may overheat without the knowledge of the opera- 
tor. To guard against this contingency a field tempera- 
ture relay may be provided to sound an alarm in at- 
tended stations and to shut down the unit when the 
station is unattended. 

Power-Directional Protection with Time Delay. In the 
past this combination of protective devices has occa- 
sionally been used to prevent motoring on the part of a 
turbo-driven generator. Since the purpose which it 
served can now be automatically taken care of at the 
throttle it is the general opinion that the need for this 
form of protection no longer exists, except perhaps in 
rare cases which are not subject to average conditions. 

Its use as a protective measure against internal insu- 
lation failure is not recommended and can be justified 
only in the case of old machines which are not provided 
with sufficient armature terminals for the application of 
differential protection. 

Bearing Temperature. Temperature protection is 
recommended for the main bearings of all unattended 
machines. 

Protection Against Overspeed. It is agreed that the 
usual provision at the prime mover for protection against 
overspeed is satisfactory for the purpose and that noth- 
ing further should be necessary. 

Protection Against Accidental Loss of Field. Protection 
against loss of field is reeommended for disconnection of 
the generator at unattended stations. Since a d-c un- 
dercurrent relay is the logical device for the purpose it is 
essential that it be given a suitable time delay to prevent 
its operation during transients reflected from the arma- 
ture under short-circuit conditions. 

1. A replica relay operates at a specific temperature of its own 
mechanism which is designed to have at all times the same 
temperature as the device protected when subjected to the same 
ambient conditions. 

Other types of temperature relays function on the actual 


temperature of the machine as determined by elements in direct 
contact, such as temperature coils or thermocouples. 
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In attended stations the relay is seldom used, but 
when used it saould not disconnect the generator but 
may provide ar: indication to the operator upon the oc- 
currence of this condition. 


FREQUENCY CONVERTERS AND SYNCHRONOUS 
CONDENSERS 


The same recommendations regarding protective 
equipment for a-c generators apply also to frequency 
converters and synchronous condensers. In addition, it 
is felt that some provision (usually time overcurrent re- 
lays) should be made for disconnecting a frequency 
converter under out-of-step conditions. It is also usually 
advisable to provide time-delayed undervoltage protec- 
tion for synchronous condensers. No distinction is made 
between attended and unattended stations in the use of 
these additional features. 


D-C GENERATORS 


At attended stations protection against overcurrent 
is considered necessary for the protection of d-c genera- 
tors, and in addition, when these machines operate in 
parallel with another source of power, provision should 
be made for protection against reversal of the normal 
direction of current flow, functioning independently. 
Additional refinements are usually necessary in unat- 
tended stations but the variety and special nature of 
these devices do not permit of their inclusion in a general 
condensed report. Some additional information will be 
found listed in A.I.E.E. Standards No. 26. 

Bearing Temperature. Temperature protection is 
recommended for the main bearings of all unattended 
machines. 

Exciters. When the exciters are direct-connected and 
do not operate in parallel it is recommended that no 
protection against electrical failure be used. For paral- 
lel operation on the other hand protection against over- 
_ current in a reverse direction should be provided. The 
- current setting should be high enough to prevent possi- 
ble disconnection of the machines when paralleling and 
during momentary disturbances reflected from the a-c 
generator armature under a-c short-circuit conditions. 


POWER TRANSFORMERS AND POWER AUTOTRANSFORMERS 


Differential Protection. 


1. Percentage. When circuit breakers are provided 
for each winding, percentage differential protection is 
recommended for two or three winding power trans- 
formers of 1,000 kva rating and above, either with or 
without tap changing equipment, whether operated 
singly or in parallel. As disclosed by the questionnaire 
the average minimum was found to be 5,000 kva. The 
committee interprets this to mean that differential pro- 
tection should always be provided for banks of 5,000 
kva and above, if operated in parallel, even though 
additional breakers must be purchased. 

When the bank is part of a line and provided with a 
circuit breaker on the bus side only, certain modifica- 
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tions of the foregoing method are recommended. These 
will be found under a subsequent heading. 


When the necessary circuit breakers are provided for 
complete isolation of a power autotransformer, per- 
centage differential protection is reeommended for an 
equivalent physical capacity of 1,000 kva and above. 
It is also recommended that all banks of power auto- 
transformers operated in parallel and having an equiva- 
lent physical capacity of 5,000 kva and above be 
provided with differential protection, even though 
additional breakers must be purchased. The auto- 
transformer output rating corresponding to 1,000 or 
5,000 kva of equivalent physical capacity will of course 
vary with the ratio of voltage transformation.’ 


It is reeommended that the circuits embraced by the 
differential protection include all conductors up to and 
including the circuit breakers on each side of the 
transformer. 


2. Overcurrent (Differentially-Connected). When 
differentially-connected overcurrent relays are used in 
place of percentage differential protection for any of the 
foregoing types of transformers, it is reeommended that 
they be of the inverse-time type. The time character- 
istic prevents operation on external faults since these 
may otherwise create sufficient unbalance at the relay 
to bring about needless tripping. 

Back-Up Protection. In addition to differential pro- 
tection, overcurrent or other back-up protection (not 
necessarily at the transformer itself) should be provided 
at some point on the source side to protect the trans- 
former against the effects of sustained excess currents 
which may arise from the failure of protective apparatus 
to clear faulty equipment. Temperature relays, either 
operated by embedded coils or of the replica! type, are 
also occasionally employed. 

When a transformer is not protected by differential 
methods it is always recommended that overcurrent 
protection be provided. 

Smoke or Gas Detectors. Insufficient experience in the 
United States with these devices precludes the expres- 
sion of an opinion regarding their value, or their possi- 
bilities, as a means of transformer protection. 

Transformers Having Breakers in Low Side Only. 
Power transformers which have a circuit breaker on the 
bus side only, the other side being connected directly to 
the line, are generally treated as part of the line and 
consequently included in the line protection. When the 
latter is protected by distance or directional over- 
current relays it is suggested that differential protection 
also be considered for the power transformer and ar- 
ranged to trip the transformer breaker. Under some 


2. In general the ratio of the equivalent physical capacity of 
an autotransformer to its kva output is equal to the percent 
voltage transformation, based on the high voltage thus: 


Equivalent capacity _ PG eS Bp ks Ay 
Rated output E, By 


where EH, is the high and £, the low voltage. 
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circumstances this will result in speedier isolation of the 
disturbance. For example, if a fault occurs in the trans- 
former during a period when normal power is flowing 
from the bus towards the far end of the line, the di- 
rectional relay at the distant end cannot respond to the 
fault current until it has grown to proportions sufficient 
to overcome the torque produced by the normal direc- 
tion of power. By quickly tripping the bus breaker 
however the differential relay interrupts the normal 
fiow of power and thus frees the distant directional re- 
lay of its normal power torque. It then responds to the 
lower fault current and the transformer is isolated be- 
fore serious damage can result. 

Magnetizing Transients. The replies to the question- 
naire disclose that trouble from magnetizing transients 
is of sufficiently frequent occurrence to warrant some 
discussion regarding means for overcoming its effect 
on the protective relays. Inrush magnetizing currents 
being absorbed within the transformer disturb the 
balance at the differential relay, and may cause unde- 
sirable tripping of the circuit breakers. The ability of 
sources of large capacity to maintain full voltage on the 
transformer terminals at the inception of the transient 
adds greatly to the magnitude which it may attain. 
These abnormal currents are primanly brought about 
by the residual flux. Should this be of appreciable 
magnitude, and m a direction such that the flux change 
required by the voltage at the moment of closure will 
push the total flux above the knee of the saturation 
curve, it follows that the magnetizing current will be 
unduly large. The difficulty is more pronounced on 
25-cycle systems. 

Special or additional equipment is available for pre- 
venting tripping during the magnetizing transient and 
this precaution is always necessary when high-speed 
relays are used. The more common types of relays, 
however, being slower will usually ride safely through 
the transient, and where such relays are employed, the 
committee feels that the addition of the special equip- 
ment referred to should be based more properly upon 
the trouble which the user encounters. 

It is also pomted out that undesired operation of 
differential relays may possibly arise at the moment of 
clearing an external fault occurring in the vicinity of 
the transformer. Just before the fault is cleared the 
voltage at the transformer may have fallen to zero and 
immediately afterwards will tend to return to normal, 
thus possibly simulating the conditions obtaining at 
initial magnetization. Experience of trouble arising 
from this cause having been meager, the committee does 
not feel called upon to suggest measures for its avoidance. 


A-C Morors 
Differential Protection. An analysis of the replies to 
the questionnaire indicates a general agreement on the 
desirability of differential protection for large a-c 
motors, the average minimum rating at which it should 
be applied being 1,750 hp. It was the opinion of the 


TRAVER: PROTECTION OF ELECTRICAL APPARATUS 


Transactions A.I.E.E. 


committee that motors of 2,000 hp and above, with a 
minimum rating of 2,200 volts, should be provided with 
differential protection. 

Overcurrent Protection. In addition to differential 
protection, temperature relays, either of the replica 
type, or operated by embedded coils, are recommended 
for protection against excessive or prolonged overloads. 
Due to loss of cooling by windage the latter may more 
accurately represent the true temperature of the motor 
under stalled-rotor conditions. 

Below the 2,000 hp rating given above for differential 
protection it is recommended that motors be provided 
with inverse-time overcurrent and instantaneous over- 
current protection, the instantaneous relay being set 
above the stalled-rotor current to take care of severe 
short circuits without delay. 

Undervoltage Protection. When undervoltage pro- 
tection is used it should have sufficient time delay to 
enable the motor to coast through temporary dips in 
voltage. Undervoltage protection is seldom used for 
motors which start on full voltage since these will auto- 
matically come up to speed when normal voltage is 
resumed. 

Phase-Rotation Protection. Phase-rotation relays to 
guard against reversal of phase-rotation are recom- 
mended chiefly for use at unattended stations and in 
elevator service. 

Protection against Unbalanced Phase Currents. Di- 
electric failure results in unbalanced phase currents. 
This condition may be detected by a relay which is 
actuated either by the unbalance phase currents them- 
selves or by their corresponding negative phase-se- 
quence components. When differential protection is 
not possible or practicable these relays are frequently 
used at unattended stations, but it should be re- 
membered that phase-balancing action will produce 
unbalanced conditions in sound motors and thus may 
lead to erroneous tripping on the occasion of an external 
unbalanced fault. : 

Bearing Temperature. Temperature protection is 
recommended for the main bearings of all unattended 
machines. 

Power Station Essential Auxiliary Motors. It is im- 
portant that motors driving essential power station 
auxiliaries be not removed from service except as a last 
resort, and then in the interest of service, their isolation 
should be accomplished as promptly as possible. For 
this reason it is recommended that such motors be pro- 
tected by instantaneous overcurrent relays set well 
above the stalled-rotor current. When temperature 
relays are used in connection with these motors they 
should be arranged to sound an alarm only. Phase- 
balance relays or negative phase-sequence relays are 
not recommended for essential motors because of the 
phase-balancing tendency of polyphase motors already 
mentioned under the preceding heading. 

It is not common practise to ground the neutral of the 
supply source for essential motors but if for any reason 
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such a condition exists, then ground relays may be 
advantageously added to the protection. 


D-C Motors 


Fuses are considered sufficient protection for small 
d-c motors. For medium and large sizes, overcurrent 
and undervoltage protection, usually self-contained in 
the air circuit breaker itself, are reeommended. Where 
the machine is very large, and its service correspond- 
ingly important, additional refinement in the form of 
temperature protection is desirable. 

Bearing Temperature. Temperature protection is 
recommended for the main bearings of all unattended 
machines. 


SYNCHRONOUS CONVERTERS 


Synchronous converters require protection on both 
the a-c and the d-c sides. On the a-c side inverse-time 
overcurrent protection is recommended to trip the oil 
circuit breaker. In addition, when the d-c side is 
grounded and flashover possible, an instantaneous 
flashover relay, connected between the machine frame 
and ground, is recommended to disconnect both the 
a-c and d-c sides. If the possibility of fiashover exists, 
and no flashover relay is provided, it is recommended 
that the overcurrent protection on the a-c side be 
instantaneous instead of inverse-time. 

For the d-c side instantaneous overcurrent protection 
is recommended, and in addition, when the machines 
are operated in parallel, separate reverse current pro- 
tection should be provided to disconnect the converter 
when power flows toward it from the d-c bus. Most 
synchronous converters are equipped with mechanical 
overspeed devices: these should trip the d-c circuit 
breaker and, if the system is subject to runaway speeds, 
the a-c circuit breaker also. 

Additional information will be found listed in the 

A.1.E.E. Standards No. 26 on Automatic Stations. 
‘Bearing Temperature. Temperature protection is 
recommended for the main bearings of all unattended 
machines. 


RECTIFIERS 


Rectifiers are almost universally automatic in their 
operation and it is considered that recommendations 
for their protection are adequately covered by the 
tabulation given in the A.I.E.E. Standards No. 26 on 
Automatic Stations. 


BUS PROTECTION 


Differential. All failures occurring on important 
buses should be promptly isolated. Differential methods 
which balance all currents entering and leaving the bus 
are recommended for this purpose. In such applications 
it is important that the ratio characteristics of the cur- 
rent transformers in the differential circuit should hold 
substantially within the relay setting at the maximum 
primary currents so that incorrect operation cannot 
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occur on external faults. With a given core design, the 
higher the transformation the more accurate is the ratio 
curve. The desired conditions can best be achieved by 
the use of a single ratio for all current transformers 
taking part in the differential scheme. If it is not 
possible to follow this recommendation and current 
transformers of different ratios are employed, then 
auxiliary current transformers must be used in the 
secondary circuits to equalize the different ratios at the 
balance point. 


It should be noted, however, that when an auxiliary 
transformer is used to increase the ratio of a low-ratio 
line current transformer a double handicap is placed 
upon the equipment compared to that which would 
result from the use of a single current transformer havy- 
ing the same total ratio. This follows because: 


a. In the lower ratio transformer ratio error begins at 
lower currents. 


b. The additional burden imposed by the auxiliary 
transformer also has the effect of increasing the ratio 
error in the line current transformer. 


Under certain conditions of power flow, restraint may 
be advantageously used in the differential relay. In 
general however these conditions do not obtain, and 
hence the effect of restraint, if used, cannot be predicted 
with any degree of certainty. 

Ground Fault Bus. When the system is grounded, a 
ground fault bus may be used, each protective relay 
being operated by a current transformer inserted in the 
common ground connection for its particular bus sec- 
tion. If provision be made for the application of this 
method during the station design period, its installation 
does not involve the serious constructional difficulties 
that may be encountered in attempting to introduce it 
in an existing station. 


NEUTRAL GROUNDING EQUIPMENT 


Grounding Resistors and Reactors. It is recommended 
that grounding resistors and reactors be protected by 
overcurrent or temperature relays which, after a short 
delay sufficient to allow line protection to function, will 
initiate an alarm to indicate that a ground fault has 
not been properly cleared. This procedure is designed 
to give the operator an opportunity to carry out a 
course of action already decided upon to govern such 
conditions. ; 

Fortunately the trend toward the use of resistors 
having a two-minute ground fault capacity allows 
reasonable time for disconnecting manually the source 
of the trouble without opening or short-circuiting the 
resistor. Should either of these latter courses become 
necessary however it would seem preferable from the 
protective standpoint to maintain the system ground 
by short-circuiting the resistor, unless this action 
nullifies the purpose, such as the prevention of tele- 
phone interference, for which the resistor was originally 
installed. 
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Grounding Transformers. Protection for grounding 
transformers of either the zig-zag or Y-delta type should 
follow substantially along the lines indicated for ground- 
ing resistors and reactors in so far as the effects of sus- 
tained external ground faults are concerned. 


For protection against internal faults, two forms of 
differential protection may be used. In one of these, 
three differentially-connected overcurrent relays are 
operated in Y from the delta-connected secondaries of 
three current transformers located in the line side of the 
grounding transformers. This is equivalent to differen- 
tial protection on an ordinary transformer with no load 
being carried by the secondary, since in the grounding 
transformer the secondary delta winding carries no 
external load. It provides protection against both turn- 
to-turn short-circuit and internal grounds occurring in 
the transformer, or on the conductors between it and 
the current transformers. 


The other and generally less desirable method com- 
pares the zero phase-sequence currents on both sides of 
the grounding transformer by means of three line cur- 
rent transformers connected in parallel and balanced 
against a current transformer connected in the neutral. 
Since turn-to-turn faults do not result in zero phase- 
sequence currents, this method does not protect against 
such faults, but functions on faults to ground only. 


In applying these forms of protection it is important 
that the characteristics of the operating current trans- 
formers be checked up to maximum short-circuit values. 


IMPRESSIONS 


In looking over the preceding recommendations one 
cannot fail to be impressed by the prominent place still 
occupied by the simple overcurrent relay in the pro- 
tection of a wide range of electrical apparatus. Even 
where it has been supplanted in the first line of defense 
by more highly selective devices, it is still relied upon as a 
safeguard of last resort. Nor is this surprising when it 
is remembered that in any analysis of the destructive 
effect of dielectric rupture, the major damage is brought 
about by the thermal, or magnetic effects of high cur- 
rents. This thought tends to strengthen the belief that 
the persistence of the overcurrent relay as an important 
protective agent is destined to extend for a considerable 
period into the future. 


Growing interconnections have brought increasing 
problems to the operating engineer and his demand for 
the rapid isolation of faults has brought similar problems 
to the relay designer. In recent years the trend has 
been toward the attainment of greater speeds’ with 
increased selectivity. Nor is progress in the relay field 
alone to be recorded; current transformers offering uni- 
form characteristics up to exceptionally high current 
values are procurable, and circuit breakers capable of 
interrupting these currents in a brief period of time have 
been developed. 
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No discussion on protective methods can be complete 
without some reference to the primary position taken 
by the insulation itself. That improvements have been 
effected in apparatus insulation during recent years 
cannot be questioned, but there are quite obvious 
economic factors limiting extension of the insulation 
to a point of absolute dependability under any and all 
conditions. Direct lightning is still a thing to be feared 
and its dangers cannot economically be overcome en- 
tirely by increased insulation. Beyond the point at 
which greater insulation becomes impracticable, the 
relay must always find its place in the protective econ- 
omy of the electrical system. 

In conclusion the committee desires to extend its 
thanks to all those who gave so generously of their 
time in responding to the questionnaire, and without 
whose collaboration the work of the committee in con- 
ducting this survey would have been doubly arduous 
and its results of considerably less value. 
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Discussion 


Philip Sporn: The Relay Committee has taken in this report 
a step that has distinct possibilities for a great deal of good in the 
protection field. The placing before the Institute membership 
and the entire engineering profession of a complete set of sug- 
gested relay practise covering the field of electrical apparatus, 
together with a discussion of the underlying principles, is bound 
to stimulate discussion and clarify the basic ideas of relay pro- 
tection. But, in commending the step it is well to point out the 
grave danger connected with such a procedure: there is the 
danger that this may result, or may tend to result, in a codifying 
of existing practice. In line with this, it may be well for the 
Relay Subcommittee to re-title its recommendations and call 
them ‘Suggested Practice’’ instead of ‘‘Recommended Practice.’ 
The distinction between the two may be very fine, but is rather 
important. It is very important, too, that the Committee 
avoid setting itself up as an arbiter of what is sound practise, 
that it avoid in so far as possible a pontifical attitude in a matter 
that is as flowing and vigorously alive as the relay art. There is 
no question, for example, that today’s relay practise is a tre- 
mendous advance over the practise commonly employed a decade 
ago, but by the same token it must be kept in mind that the 
relay art of a decade hence will represent in all probability a 
similar advance over the present art and present practise. All 
this means, therefore, frequent and careful revision of this report. 

Again, it cannot be too strongly emphasized, and the Relay 
Committee is the logical group to do it, that relay protection is a 
form of insurance: Insurance of apparatus and insurance of 
service, and that as insurance, it has to compete against other 
forms of insurance: and that the premiums represented by the 
cost of the insurance have to be carefully weighed against the 
benefits derived. This is but another way of saying that relay 
protection is in one of its important aspects an economic problem, 
and only when it is considered as such, are we likely to arrive at 
the sound engineering basis for good practice. 

IT cannot help but comment on the Relay Committee’s well 
merited praise of the overcurrent relay. Only, I do not believe 
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that the committee has been strong enough in its statement. It 
is a fact that the value of the overcurrent relay is recognized 
today probably to a greater extent than ever before in its history 
and that it probably occupies today a position in the front line 
of defense of electrical apparatus and equipment that it has never 
occupied before. For utmost simplicity and reliability, there is 
no relay device that gives as much protection for a given ex- 
penditure as an overcurrent relay. This in spite of the fact that 
it almost never can give 100 per cent protection. Properly ap- 
plied, however, it is a most excellent guardian for the protection 
of equipment and service. 


O. C. Traver: The relay subcommittee appreciates the perti- 
nent comments of Mr. Philip Sporn and others who have given 
attention to this paper. 


In presenting its report the committee sought to reflect the 
best generally accepted practice in relay protection, and certainly 
did not wish to create an instrument that would impose liability 
on the part of any operating company that might prefer to 
follow relay practices other than those described. Therefore the 
report is, in effect, an outline of ‘“‘Suggested Practices” and the 
word ‘“‘Recommended”’ in the title must not be taken as imposing 
a mandate. 

Clarification and amplification of another point also seem 
desirable in the light of the discussion and as a result of further 
consideration. The paragraph entitled ‘‘Undervoltage Protec- 
tion’ has, by subsequent committee action, been entirely super- 
seded by the following: 

Undervoltage Protection. When undervoltage protection is 
used it should have sufficient time delay to enable the motor to 
coast through temporary dips in voltage. An exception is made 
in very rare cases which definitely require immediate action. 
Induction motors which normally start on full voltage will re- 
sume speed without injury to themselves when normal voltage 
is restored. In such eases undervoltage protection is not re- 
quired for the motor itself but is frequently necessary to safe- 
guard the operator or the product against*unexpected restarting - 
after the motor has once stopped. 


Application of Phase Sequence Principles 
To Relaying of Low-Voltage Secondary Networks 


BY H. R. SEARING! 


Fellow, A.I.E.E 


network relaying system utilizing a conventional 

single-phase relaying element and contactor type 
overcurrent elements excited by symmetrical phase se- 
quence components to represent completely power flow 
conditions and control protector operation on a three- 
phase four-wire secondary network system. 

The low-voltage alternating-current network was 
conceived and developed in order to meet the need for 
an alternating-current system of distribution that would 
provide high quality service and compete with the di- 
rect-current system in reliability and economy. In its 
present form, it consists of a distribution network, 
served by a plurality of feeders, with intermediate volt- 
age transformation and network protectors. The use of 
the present arrangement dates from the development of 
the network protector which fulfilled several functions 
and may be described as a means to connect and discon- 
nect each of the feeders to the network under proper 
conditions. 

The protector consists of a circuit breaker and neces- 
sary operating relays located in each of the feeds to the 
network. Each main feeder provides a multiplicity of 
feeds to the network through low-capacity transformers, 
(50 to 1,000 kva) and it is the function of the protector 
to connect to or disconnect from the feed to the network 
under proper conditions. 

The development of the low-voltage network in met- 
ropolitan areas has been very rapid and new problems 
have continually arisen. The major change in certain 
localities has been in the supply to the network and has 
developed from a multiple supply from a single source 
to multiple supplies from several sources. With the in- 
crease in network loading new supplies to the network 
have been at higher voltage, and. voltages of 4, 13, 22, 
and 27 kv are regularly used. Vertical type building 
networks of the concentrated or “‘spot’’ type are not 
uncommon. 

The principal problem that has arisen from the de- 
velopments outlined above is that of preventing the 
excessive number of protector operations that result 
from power interchanges between feeders through the 
network. Power reversals, at specific points in any gen- 
eral network under normal operating conditions, are not 
uncommon and are attributed to: 

1. Periodic heavy shunt load drawn from substation 
buses from which network feeders emanate. 


fe is the purpose of this paper to present an improved 
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and 


2. Individual feeder loading and induction regulator 
action. 


3. Phase angle and voltage differences in individual 
generating sources due to loading, etc. 


4. Starting of large induction-synchronous motor. 
5. Elevator regeneration during braking periods. 


Experience has shown that in certain localities net- 
work protectors when adjusted to trip on reverse mag- 
netizing watts operate at the rate of from 10 to 15 
thousand times per year per switch as a maximum and 
that the average number of switch openings are at the 
rate of from 3 to 5 thousand operations. The number of 
operations does not indicate incorrect relay performance 
as the standard unit is designed to operate on small 
power reversals. This condition causes undue wear on 
the protector and disconnects a supply source from the 
network that should be available at all times. 


In the practical operation of network systems this 
duty is reduced by adjusting the relay to trip at in- 
creased values of reverse energy; that is, the protector 
is adjusted so as not to open on the reverse magnetizing 
watts of a single supply transformer but at some higher 
value depending upon local conditions. The methods 
employed to extend the tripping range of a standard 
network relay (20-30 per cent) ordinarily require addi- 
tional equipment having moving parts. As the number 
of protectors with increased reverse power settings be- 
comes large, difficulty is encountered in tripping protec- 
tors when the supply breaker is opened. Load-back 
methods must be resorted to or men sent to the vault or 
manhole to disconnect protectors. 


In an endeavor to produce a network relaying system 
that would meet the requirements of the original relay 
specifications and in addition be sufficiently broad in its 
characteristics to permit the flow of reverse energy en- 
countered in normal operation, phase sequence currents 
and voltages have been utilized in a new network relay- 
ing system. These single-phase symmetrical components 
of current and voltage replace the three line-to-neutral 
voltages and phase currents ordinarily used and com- 
pletely indicate power flow conditions. The preliminary 
mathematical analysis, subsequent relay design and field 
tests have proved the correctness of the theory and ap- 
plication, and indicates the practicability of utilizing 
sequence components in relaying systems producing a 
simplification of apparatus with improved characteris- 
tics. 


Symmetrical component quantities may be considered 
as the mathematician’s conception of a polyphase sys- 
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tem, however, the quantities concerned are real, not 
imaginary, and are amenable to actual measurement. 
Through the work of Fortescue, Evans, Wagner and 
others, phase sequence segregating filters have been de- 
veloped permitting the isolation of any or all of the phase 
sequence currents and voltages, which may be applied 
to conventional elements to secure metering or relaying 
functions in response to changes in sequence quantities. 

A review of network relay requirements, embracing 
application to systems employing low- and high-voltage 
feeders from segregated substations and generating 
sources, feeding into a general network supplemented by 
spot networks, indicate the necessity for: 

1. A master directional element to indicate direction 
of power flow. 

2. Phasing features to control protector closing. 

3. Selective tripping features in the relaying system 


<NETWORK BROTECTOR 
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POSITIVE PHASE 
SEQUENCE VOLTAGE 
FILTER 


POSITIVE PHASE 
SEQUENCE CURRENT 
FILTER 


POSITIVE PHASE SEQUENCE WATT-TYPE RELAY 


Fig. 1 


to prevent opening of the protector upon reversal of 
energy through the switch during normal system opera- 
tion with the feeder breaker connected to the source. 

4. Sensitive tripping when the feeder is disconnected 
by the opening of the generating or substation breaker. 

These requirements are fulfilled by the new relay 
system. 

The master directional element consists of a single- 
phase watt relay operating on positive phase sequence 
voltage and current. This element is responsive to the 
direction of flow of positive phase sequence power under 
all conditions (Fig. 1). 

To be generally satisfactory from the standpoint of 
performing the phasing features the relay must 

1. Check phase sequence. 

2. Check any interchange of phase wires on the sup- 
ply feeder. 


APPLICATION OF PHASE SEQUENCE PRINCIPLES 
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3. Connect the protector to the grid only when power 
will be fed from the feeder into the network. 


4. Prevent any “pumping” of protectors, when the 
supply breaker is open and a defective unit remains in 
the closed position, thus energizing the feeder from the 
network. 


5. Permit closing on a dead network. 


Phasing is accomplished in the new relay by the use 
of voltage segregating filters and auxiliary windings on 
the watt relay used as a master directional element. 

A voltage segregating filter of the positive phase 
sequence type when connected to a system of phase se- 
quence abc delivers at its output terminals a voltage 
proportional, under all conditions, to the positive phase 
sequence voltage. If the supply voltage is balanced, the 
output of the network will be proportional to and bear 
a definite phase relationship to the line to neutral volt- 
age. If for any reason, two phases are interchanged the 
supply system phase sequence, (order of appearance of 
maxima) is changed from abc to acb and when impressed 
on a sequence segregating voltage filter designed to de- 
liver positive phase sequence voltage with normal phase 
sequence abc the output of the network will be zero, if 
the supply is balanced. During phasing periods experi- 
ence and test have shown that balanced voltage condi- 
tions exist on incoming feeder circuits although phase 
sequence may be incorrect. Certain progressive inter- 
change of leads on the supply circuit gives rise to proper 
phase sequence abc but rotated 120 deg or 240 deg in 
the counter-clockwise direction with respect to normal 
network voltage. Under this condition the output of the 
network is normal but rotated 120 deg or 240 deg re- 
spectively. 

The fundamental characteristics of voltage sequence 
segregating filters in response to changes in phase se- 
quence, polarity reversals, and phase advancement dis- 
closes the possibility of using phase sequence quantities 
to accomplish phasing functions. Obviously, single- 
phase representation of the selected quantity may be 
employed thus permitting the use of a single-phase relay 
to adequately represent a polyphase system. 

Drawing on the experience gained with the present 
protector relaying scheme, it has been demonstrated 
that the phasing characteristics can be secured by add- 
ing to the upper or current poles of the watt type relay 
phasing windings excited by voltage across the open 
switch. The potential or lower pole of the relay is ex- 
cited by voltage from the secondary network. The net- 
work voltage is chosen as reference point as it is neces- 
sary to check the incoming feeder in magnitude, phase 
position and sequence against that of the network to 
insure proper operation. 

Following the conventional design of relay element 
“watt” and “phasing” characteristics can be secured on 
a single-element relay (see Fig. 2) by the use of 

‘1. Positive phase sequence voltage and current for 
watt indication. 
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2. Network positive phase sequence voltage and the 
difference between network positive phase sequence 
voltage and incoming feeder positive phase sequence 
voltage (difference positive phase sequence voltage 
across the open protector) to perform phasing functions. 

The combined phasing characteristic of the present 
CN-3 master relay and the CNA phasing relay is shown 
in Fig. 3, indicating that protector closure can occur 
only in a rather limited range due to the combined 
phasing features of both relays. 
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In utilizing phase sequence quantities to develop a 
relay with settings, 10-100 per cent of transformer rat- 
ing, it is not necessary to confine the ‘‘closing region”’ to 
the limited range employed in the present standard 
equipment but may be extended to embrace leading 
voltages lower in magnitude than the network voltage. 
In actual practise these voltages occur very infrequently 
as incoming feeder voltage is high and leading, not low 
and leading. 

To prevent “pumping” of protectors on systems em- 
ploying high-voltage underground feeders the phasing 
characteristics must be such that the relay contacts will 
not close when the incoming voltage is high and lagging 
indicating a ‘“‘closed”’ protector exciting the capacitance 
of the cable from the network, with consequent voltage 
rise across the secondary mesh and network transformer. 
Mathematical analysis, field tests and a check on the 
performance of existing relays indicate that to avoid 
pumping conditions the closing characteristic of the net- 
work relay as a phasing device, must be rotated through 
approximately 60 to 70 deg from the horizontal, as 
shown in Fig. 4. While linear closing characteristic of 
this nature would be excellent for a non-sensitive type 
relay, a study of Fig. 4 will show that the linear charac- 
teristic intersects the voltage Hc; and would permit 
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protector closure due to cyclic rotation of conductors 
that produced normal phase sequence abc but advanced 
counter-clockwise 120 deg with respect to the reference 
or secondary network voltage. 

The phasing voltages encountered in normal system 
operation are relatively small, having a magnitude of 
only a few volts. Under the conditions outlined above, 
the phasing voltage would approximate in magnitude 
the line-to-line voltages H’,, Fig. 4, which is many times 
the normal phasing voltage. It is desirable to have the 
phasing characteristic linear in the range of normal 
phasing voltages, but to deviate therefrom at higher 
values so as to avoid possible improper operation, under 
certain system conditions that are a function of system 
repair and extension involving the human element. 

It is recognized that the slope of the closing character- 
istic may be changed by governing the relationships be- 
tween the flux on the upper and lower pole of the relay, 
for any one given condition. This can be accomplished 
by changing the phase angle of the phasing current with 
respect to the phasing voltage. Any factor that de- 
creases the phase angle of current to voltage in the 
phasing circuit rotates the closing characteristic in a 
clockwise direction. But it is necessary to have the 
closing characteristic in the vicinity of the normal value 
of reference voltage approximately 60 to 70 deg from 
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the horizontal to prevent pumping, therefore, the nor- 
mal angle of current to voltage is set by that require- 
ment. However, the range of phasing voltages is very 
large and devices can be added to the phasing circuit of 
the saturating type or of the form that produces resis- 
tance changes with current flow such as the conven- 
tional phasing lamp. With normal phasing voltages 
saturation effects and resistance changes do not occur 
and the phasing characteristic is linear. With increasing 
phasing voltages these changes occur and the ratio of 
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reactance to resistance varies, resulting in change in the 
angle between phasing coil currents and voltage, causing 
a deviation from a straight line in the phasing character- 
istic as shown dotted in Fig. 4. The changing character- 
istics of the phasing circuit, with increased phasing volt- 
ages must be such that the characteristic curve does not 
intersect a voltage vector of normal magnitude rotated 
120 deg counter-clockwise to prevent false closure in 
event of accidental cyclic rotation of conductors during 
cable splicing producing a 120 deg shift of positive phase 
sequence voltage. The changing characteristics on the 
upper part of the phasing curve encroaches upon the 
possible range of back feed voltages existing due to a 
single “‘closed’”’ protector on systems supplied by under- 
ground high voltage cables. Analytical work and field 
tests indicate that the proposed curve is sufficiently 
broad in its characteristics to perform satisfactorily on 


Ec,;=a&a; 
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Fig. 4 


existing and proposed systems employing 13- and 27-kv 
feeder circuits. 

Selective and sensitive tripping is obtained by the 
combined operation of the master directional element 
and current magnitude relays. Selective tripping refers 
to relay operation with balanced reverse power flow and 
would be above the range produced by the inherent sys- 
tem conditions during normal operations. This feature 
reproduces the results obtained from present network 
relays when increased reverse power settings are used. 

The current magnitude relay used for selective trip- 
ping is a simple single-phase contractor type relay ener- 
gized by positive phase sequence current. When posi- 
tive phase sequence current of sufficient magnitude has 
closed the contacts of this relay, the potential coil of the 
master directional relay is energized and tripping of the 
protector occurs if the power flow is from the network 
to the feeder. 
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Sensitive tripping refers to relay operation at times 
when the supply breaker is open. A current magnitude 
relay energized by the negative phase sequence com- 
ponent of the line current and operating in a manner 
similar to the relay used for selective tripping, provides 
for sensitive tripping. 


A current segregating filter provides the symmetrical 
components of line current. 


Negative phase sequence current does not exist in a 
perfectly balanced polyphase system. In the practical 
low-voltage network system under normal operation 
negative phase sequence current exists only in very 
minor quantities. However, every unbalanced load or 
fault acts as a source of negative phase sequence voltage 
and current transforming or converting from positive 
phase to negative phase sequence order. The same 
considerations apply to zero sequence quantities if the 
system or mesh is grounded. We thus have a quantity 
which is absent normally but is available under abnor- 
mal conditions to provide a discriminating means where- 
by tripping functions may be initiated. 

Therefore, if the selective tripping combination is 
supplemented by a negative phase sequence overcurrent 
relay, tripping of the protector can be limited to fault 
or reverse unbalance conditions on the high-tension 
feeder. 


The appearance of negative phase sequence current, 
at a time when positive phase sequence power is from 
the grid to the feeder indicates abnormal conditions such 
as a primary fault or primary load unbalance and war- 
rants protector opening. The negative phase sequence 
current element can be set at low values since only small 
quantities of negative phase sequence current. are nor- 
mally present in the system. 


Since the sensitive tripping arrangement provides for 
clearing the protector in case of faults, it would appear 
that the selective tripping feature is unnecessary except 
for the condition of a three-phase balanced feeder fault 
or to avoid damage to individual protectors from over- 
loading during abnormal system conditions not identi- 
fied with any particular feeder. Field experience may 
show that the selective tripping arrangement can be 
eliminated. 

While tripping functions are, therefore, provided for 
all types of primary faults and eliminated for all secon- 
dary faults, provision must be made for clearing of the 
protectors for inspection or construction purposes. 

This is accomplished by providing a source of negative 
phase sequence current. A small induction-synchronous 
motor-generator set arranged as in Fig. 5 and connected 
to the feeder at the generating source after opening the 
feeder breaker may be used. The voltage required will 
be relatively low as only small values of negative phase 
sequence current are required and the impedance to the 
flow of negative phase sequence current is the short 
circuit impedance of the negative phase sequence mesh. 
Thus the kva capacity of equipment required and the 
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current flow during operation will be so low that voltage 
disturbance will not result on the secondary network. 
In stations equipped with ground and test bus, the 
motor-generator set can be connected to it through 
suitable transformers and without starting apparatus. 
The majority of transformers used in network dis- 
tribution are delta connected on the primary winding, 
and the neutral of the feeder circuit usually is estab- 
lished at the generating station. Upon opening of the 
feeder breaker the feeder circuit is ungrounded and 
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negative phase sequence current can be produced by 
earthing one conductor of the delta-connected circuit 
which effectively short-circuits out the capacitance of 
that conductor and increases the voltage on the ca- 
pacitance to ground of the other conductors. This is 
equivalent to loading of two phases only, thus creating 
a load unbalance and giving rise to negative sequence 
current. The magnitude of current will depend upon 
capacitance and thus upon the type, length and voltage 
of the circuit involved. Higher-voltage underground 
cable circuits, 13 kv and above, will be most effective 
in producing negative sequence current when one 
conductor is earthed. 

Any type of apparatus that places an unbalanced load 
between phases produces negative sequence current and 
any simple loading device can be employed. Phase-to- 
phase loading is preferable to phase-to-ground loading. 

Apparatus for the generation of negative phase 
sequence current may be located in the high-tension 
circuit at the generating station or in the low-voltage 
network on the transformer side of a single protector 
per feeder. 


SEARING AND POWERS 


Transactions A.I.E.E. 


As pointed out previously, negative phase sequence 
current of appreciable magnitude is normally not 
present in the system, but does appear under fault con- 
ditions or unbalance. Therefore, negative phase se- 
quence current offers a ready means to discriminate 
between normal and abnormal circuit conditions. 

It is interesting to note that phase angle or balanced 
difference voltage between various points in the network 
produce circulating currents of positive sequence order. 
In the practical system, operating experience and field 
test indicate that the so-called circulatory currents are 
predominately positive phase sequence and contain 
only negligible components of negative phase sequence © 
currents. This current is produced by phase angle and 
voltage difference in the three phases of the system due 
to slight unbalance in phase loading. Individual load 
unbalance, single-phase line-to-line or line-to-neutral 
load in the secondary network produces negative phase 
sequence current. However, the total three-phase 
loading is practically balanced as indicated by com- 
mercially balanced network voltages and balanced 
feeder currents. 

Network relays designed in accordance with the 
above general theory have been constructed and are 
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Fig. 6—ComBINATION CURRENT Fitter To INDICATE POSITIVE 
AND NEGATIVE PHAase SEQUENCE CURRENT 


now in operation on the system of the United Electric 
Light and Power Company in New York where ap- 
proximately 400 relay months of service has been 
secured. The satisfactory performance of the relays in 
the most severe type of service that could be selected 
within the system, indicate the adequacy of the funda- 
mental principles and subsequent relay design. The 
general features of relay design and operating experience 
will be outlined in a companion paper by Messrs. M. A. 
Bostwick and H. S. Orcutt. 
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It is our desire to express appreciation for the as- 
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and applying phase sequence principles to the relaying 
system used in low-voltage networks. 
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COMBINATION SEQUENCE SEGREGATING FILTER 
DESIGNED TO DELIVER SIMULTANEOUSLY POSITIVE AND 
NEGATIVE SEQUENCE CURRENT 


The determination of a given phase sequence current 
requires that the remaining two current components be 
eliminated, that is not passed through the meter ele- 
ment. In three-phase ungrounded operation, zero phase 
sequence currents are not present and are automatically 
eliminated. In grounded neutral systems zero phase 
sequence current is present and means must be provided 
to eliminate the possibility of its appearance in the 
relay element. 

Elimination of Zero Sequence Currents. Funda- 
mentally, zero sequence currents in the three line con- 
ductors are equal and in phase. If cross-connected cur- 
rent transformers are used, as shown in Fig. 6, for the 
supply to a sequence segregating filter the output of the 
two current transformers will not contain zero sequence 
currents. Inasmuch as the output of the two current 
transformers is the difference between the two-phase 
currents the zero phase sequence current is auto- 
matically cancelled and the output contains only posi- 
tive and negative phase sequence current. 

In Fig. 6, following recognized convention 
TA’ =Ic—Ib=ala,+a7la.+Ia.—a?Ia;—alaz— Ido 

= (a—a®) (Ia;—Ia2) =J V3 (Ia,;—Iaz) (1) 
IC’ = Ib—Ia=a7la,+ala,+Ia o—Ia,—Ia.—TIay 

= (a — 1) Ja, + @Q— 1) Ia 

=4/3 6°" Tay - 3 2? Tas 

= J-./3 (ala — a?Iaz) (2) 

From equations (1) and (2) it is seen that the positive 
and negative phase sequence currents in JA’ and IC’ 
are directly proportional to the corresponding com- 
ponents of Ja and Ic 


TAGs = J x8 1G, (3) 
IA,’ = — J V3 Iaz (4) 
With elimination of the zero phase sequence com- 


ponent of current by the use of cross connected current 
transformer 


IA,’ = 1/8 JA’ + IB + 1C’) =0 (5) 

IB' =—(IA’ +I1C’) (6) 
by definition 

IA,’ = 1/8 IA’ + aIB’ + aC’) (7) 


Substituting (6) in (7) 
IA’; = 1/8 IA’ — IA’ — IC’ + @IC’) 
= 1/3 (1-—a)JA’+ (@-a)IC’ 
= 1/3 (eo TA’ +36" IC) 
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aT a (@IA’ — IC’) (8) 
Equation (8) may be written 
ayn 
TA,’ = 3 eae IC. e- ) (9) 
3 : 3 . 
= ¢#80/ XE a 0 + ~ Ic’ e-) (19) 
TAS ' 
la, == J yg from equation (3) (11) 
—J : V/3 : /3 ) 
PO ae eg fp ees 1 »330 ohh A 1 ,—330 
iy Gate Sere (S14 4 Ie" 
(12) 
ah ey me) ; V/3 ) 
eg UDO ee eee 1 ,tj30 PAs 1 ,—j30 
ie arg ell rele eg LOC 
(13) 
3 3 tn a. 
eee ( Sti + Sc) = V3 Iae" (14) 
or 
—Im = V3 Ia,e~% (15) 


by similar development 


tS Se /3 . 
Ia. = ae « on [A'G 4 ele e+t0) (16) 
v3 1,,—j30 v3 / 0 
Tas = ( SS Be” 
= /3Ia,e 7” (17) 
or 
— Ima, = ~/3 Iaze* (18) 


From equations (13) and (16) it will be seen that a 
current proportional to positive or negative phase se- 
quence current can be secured by adding suitable com- 
ponents of current JA’ and JC’ and passing the re- 
sultant through a suitable metering element. Inasmuch 
as only fractional portions of the A’ and C’ currents are 
added to produce either positive or negative phase 
sequence currents it is obvious that parallel branch or 
bridge type filters are required. Such a filter is shown 
in Fig. 6. To secure the proper subdivision of the 
IA’ and IC’ currents the elements in the current filter 
must be properly coordinated. 


Zp = Zn 
Zz + Zn = (R + Zp) e®™ 
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Considering only the JA’ current flowing in the filter, 


/3 : 
eve IA’ e* flows 


the current divides, a component 3 


= 
ey IA’ e~7*° flows 


through R and P. The remainder 3 


through Z and N. 


Considering only the current flow JC’ a component 


/3 
3 


IC’ e~*° flows in P and Z, the remainder 


a3 IC’ e* flows in Rand N. 


The resultant current flow in 


3 3 | = a 
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The resultant current flow in 


Ve 3. 

A filter is thus produced that permits simultaneous 
indication of currents proportional to positive and nega- 
tive sequence currents in the leads of the supply circuits. 
Zero phase sequence current being eliminated by the 
use of cross connected current transformers. 

The elements P and N may be any form of relaying or 
indicating apparatus providing the fundamental re- 
lationship of Z, + Z, = (R + Z,) e*® is maintained. 

The magnitude of positive or negative phase sequence 
current indicated in branches P and N respectively is 
1/3 times the actual sequence component in the line 
conductor and is displaced by 150 or 30 deg depending 
upon physical connections. In relaying or metering 
circuits both magnitude and angular relationship must 
be properly related to secure proper indications. 


Discussion 
For discussion of this paper see page 626. 
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A Sequence Relay for Network Protectors 


Bigtieo. ORCULT* 


Associate, A.T.E.E. 


ee i ces ot on many low-voltage distribution 
networks of today operate needlessly several thou- 

sands of times each year due to current reversals 
caused by regenerative loads and difference in loading 
at various points in the network. Such reversals can be 
permitted without tripping the protectors and yet main- 
tain a desirable selective tripping characteristic by use 
of a phase sequence scheme of relaying devised by 
Messrs. H. R. Searing and R. E. Powers. It employs 
the fact that practically all power reversals, other than 
fault conditions, are inherently balanced and that opera- 
tion of a directional relay can be easily initiated by 
simple switching operations which draw negative phase 
sequence currents from the network. 

The sequence relay which has been designed in ac- 
cordance with their theory, and described in this paper, 
performs the dual function of phasing and tripping. Its 
operating characteristics, as shown in Fig. 1, are suited 
to application on low-voltage distribution systems in 
general. 


CONSTRUCTION 


Structurally the sequence relay consists of a single 
induction-disk directional element, and two over-cur- 
rent elements energized through suitable current and 
voltage filters. The relay, with the exception of two re- 
sistors and a phasing lamp, is mounted within a stand- 
ard network relay case as shown in Fig. 2. The schematic 
diagram, Fig. 3, indicates the various elements of the 
relay and the circuits employed. The control circuit, 
which is not shown, is energized through contacts on 
the directional element. 


POTENTIAL FILTER 


The potential filter consists of an autotransformer and 
a reactor, mounted in the base of the relay, and an ex- 
ternal resistor. Composite diagrams, Figs. 4, 5 and 6, 
illustrate the operation of this filter under balanced and 
unbalanced conditions, and show that the relay voltage 
obtained is proportional to the positive phase sequence 
voltage of the system and removed from it by a constant 
angle. 

The reactor-resistor combination, connected across 
Ec in Figs. 4, 5 and 6, has an impedance angle of 60 deg. 
The autotransformer is tapped at approximately its mid- 
point. It will be noted that the open circuit relay volt- 
age obtained, Ez, is equal to the vector sum of the volt- 
age rise through the resistor and the induced voltage in 
the autotransformer. It is proportional to the positive 
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phase sequence voltage E,; of the distribution network 
and leads it by 120 deg. 

The magnitude of the open-circuit relay voltage Ez is 
determined by the ratio (N) of the external resistance 
to the sum of the external resistance plus the a-c resis- 
tance of the reactor. 


R = external resistance 
r = a-c resistance of the reactor. 


The current in the potential circuit will lag the open- 
circuit potential coil voltage by an angle that is a func- 
tion of the series impedance of the potential coil and 
voltage filter. 


NO.157 ,NO.16 
/ 


Fig. 1—OprratTiIne CHARACTERISTICS OF TYPE CN-S Network 
Reuay Stryte N630355. Ser1aLl171632 


Assuming balanced three-phase conditions 1,600-ampere current trans- 
formers 1,600-5 ratio 


Ze equivalent impedance of voltage filter 


ll 


Zy 


a (4—-N +73 /3N) 


For accurate measurements of positive phase sequence 
voltages the resistance of the autotransformer winding 
must be kept relatively small. 


CURRENT FILTER 


The current filter illustrated in Fig. 7 consists of the 
current coil of the directional element and a contactor 
type positive phase sequence current relay connected 
in series Z;, a reactor Z, and a negative phase sequence 
current relay of contactor type Z;, all mounted within 
the main relay case. An external resistor Z, completes 
the bridge type filter. Four current transformers, cross 
connected, in Fig. 3, to eliminate zero phase sequence 
currents from the relay, are used to energize the current 
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filter. Vector diagrams in Figs. 8, 9 and 10 indicate its 
operation under various conditions. 

The currents I,’ and I,’ from the cross-connected 
current transformers pass through the current filter as 
indicated in Fig. 7. Current I,’ divides into equal parts 
(Iw and Ix) separated by a phase angle of 60 deg as 
shown in Figs. 8, 9 and 10. Current J,’ divides in a 
similar manner into Jy and Iz. 

The positive phase sequence vector diagram illus- 
trated in Fig. 8, shows the currents through Z, 
(x and Iy) adding to give a positive phase sequence 
relay current Jp equal to the ./3 times the positive 
phase sequence current of the distribution network and 
leading it by 150 deg. The currents through the nega- 
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tive phase sequence relay Z;, (Iw and Iz) are equal and 
opposite and therefore cancel. 

In the negative phase sequence diagram, Fig. 9 which 
illustrates conditions obtained when phases B and C are 
interchanged, the current vectors Ix and Iy which pass 
through the positive phase sequence relay cancel. Cur- 
rent vectors Iw and Iz which pass through the negative 
phase sequence relay add up to equal the ./3 times the 
negative phase sequence current of the system. 

Inspection of the unbalanced current vectors in 
Fig. 10 again show the positive phase sequence relay 
current to be the ./3 times the positive phase sequence 
current in the system and leading it by 150 deg. The 
negative phase sequence current present in the system 


condition illustrated is also shown. As only positive 
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phase sequence current is used in the directional ele- 
ment of the relay, we are not interested in the phase 
position of the negative phase sequence current. 
Addition of current and voltage vectors representing 
these unbalanced systems, chosen at random, indicate, 
as has been proven mathematically in other papers, 
that these filters will produce currents and voltages that 
are proportional to the positive or negative phase se- 
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quence quantities existing in the system from which 
they are energized. The series impedance of the voltage 
filter and potential coil is designed so that these elements 
can be combined to obtain the sensitive watt character- 
istic needed in the directional element. 
The dual sensitive, non-sensitive relay characteristic 
is obtained by the combined operation of the directional 
element and over-current elements. Parallel connection 
of the positive and negative phase sequence current 
element contacts in the potential coil circuit serve to 
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Fig. 4—Positive Puasr Sequence VOLTAGE DIAGRAM 


deenergize the potential coil during normal conditions. 
Operation of the directional element for the tripping 
function is initiated by action of either or both of the 
over-current elements. A short time delay is obtained 
between closure of the current element and directional 
element contacts, since this contact is held open by 
spring tension. This interval need be no greater than © 
the operating time of present network relays, yet serves 
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to prevent tripping the protector by sudden applications 
of load on the secondary network. 


By setting the positive phase sequence element to pick 
up at currents up to 100 per cent of protector rating, 
balanced power reversals of that magnitude can be per- 
mitted. Negative phase sequence current settings are 
made relatively low so that sensitive operation of the 
directional element can be initiated by small magnitudes 
of negative phase sequence current. 


Fie. 5—NeEGATIVE PHasE SEQUENCE VOLTAGE DIAGRAM 


It is of importance to note that sensitive operation of 
this relay may be obtained at all times by permanently 
closing the contacts of either or both current elements, 
if the insensitive reverse current characteristic is not 
needed and a negative phase sequence current source is 
not readily available. When this is done, the relay func- 
tions as a sensitive positive phase sequence directional 
element and can be used to replace the present sensitive 
relay. 


In order to obtain a clear picture of the relay opera- 
- tion, it may be assumed that balanced three-phase 
power is being fed in the reverse direction through the 
protector. All pallet switches in Fig. 3 are open since 
the protector is closed. The potential coil of the direc- 
tional element is deenergized and the relay trip contacts 
are held open by spring tension, as negative phase se- 
quence current is not present and the positive phase 
sequence current is not of sufficient magnitude to close 
the current element contacts. Now assume an assymet- 
rical fault in the network, similar to that shown in Figs. 
6 and 10. The moment the fault occurs, positive and 
negative phase sequence currents appear in sufficient 
magnitude to close the sequence element contacts, ener- 
gizing the potential coil. Since the fault is in the net- 
work the directional element tends to swing its contacts 
toward the closed position and tripping of the protector 
is thus prevented. Had the fault occurred in the feeder 
cables, operation would have been the same except the 
relay contacts would have swung from the closed to the 
trip position and opened the protector. 
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PHASING CIRCUIT 


The phasing characteristic illustrated in Fig. 1 will 
prevent pumping of non-sensitive relays on low-voltage 
distribution networks and is sufficiently limiting in its 
operating range to be satisfactory for many sensitive 
relay applications. In addition to checking the magni- 
tude and phase position of the feeder voltage, the relay 
will not close if any of the feeder cables are interchanged 
and energized. 

The phasing circuit consists of two separate coils of 
high impedance mounted separately over the directional 
element current coils. One coil is connected in series 
with a saturating reactor and capacitor, across the 
breaker contacts in phase B. This circuit is near reso- 
nance during normal conditions to provide ample torque 
for low phasing voltages. The second coil is connected 
across the phase C breaker contacts in series with a 
tapped reactor and a phasing lamp. The phase angles 
of these circuits are such that the currents in the two 
circuits are approximately 180 deg out of phase under 
normal voltage conditions. The resulting field of flux is 
as in a conventional circuit. When excited with high 
voltages, as encountered during cross phase conditions, 
the impedances increase to limit the current and phase 
angles change so as to obtain opening torque and prevent 
damaging the protector by faulty closing. Vector dia- 
gram, Fig. 11, illustrates the operation of this circuit. 

The tap on the phase C reactor serves to shift the re- 
lay closing curve, as indicated in Fig. 1, to prevent 
pumping if the system impedance angle will not permit 
use of the lagging closing curve. 


Fig. 6—UNBALANCED VOLTAGE DIAGRAM 


OPERATING EXPERIENCE 


Ten experimental relays, with the current element 
contacts connected directly in the trip circuit rather 
than in the potential coil circuit as just described, were 
mounted on 500-ampere network protectors and in- 
stalled on a 13.8-kv feeder of the United Electric Light 
& Power Company’s system, April 11, 1931. All trans- 
former banks connected to the feeder, which was 2.8 
miles long, were of 150-kva rated capacity. 
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A general comparison of the operations of network 
protectors equipped with these sequence relays with the 
operations of protectors equipped with standard insensi- 
tive network relays installed previously at the same lo- 
cations showed that the operations were reduced on the 
average only 40 per cent. 

On blocking open the negative phase sequence cur- 
rent element contacts, it was found that further reduc- 
tions in operations on the average of 90 per cent were 
obtained. The settings of negative phase sequence cur- 
rent elements were subsequently increased from 5 per 
cent of the protector rating to 8 per cent. The positive 
phase sequence current element setting at 50 per cent 
of the protector rating was not changed. While an 
improvement in the operation of the relays was affected, 
the results were not satisfactory. 


Fig. 7—Current Fitter 
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From observations made, it was found that the cur- 
rent elements were causing the protectors to trip on 
suddenly applied secondary loads when the directional 
element trip contacts were held closed by power re- 
versals. It should be remembered that the contacts of 
the current elements, in these experimental relays, were 
in series with the ‘‘trip’’ contacts of the directional 
element. Thus on the occurrence of an unbalanced sec- 
ondary load, the negative phase sequence current ele- 
ment picked up, and since the directional element “trip” 
contacts were closed by the reverse power flow, the pro- 
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tector opened. The current elements, which are practi- 
cally instantaneous, picked up before the directional 
element, which tended to close on the secondary load 
had time to open its “trip’”’ contacts, thus completed the 
trip circuit. Large unbalanced secondary loads suddenly 
applied produced similar operations with the positive 
phase sequence current element picking up. 


Fig. 8—Positive Puase SEQUENCE CURRENT DIAGRAM 
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Fie. 9—Necative Puase SEQUENCE CURRENT DIAGRAM 
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To remedy this condition, the contacts of the current 
elements of the ten sequence relays were connected in 
series with the potential coil of the directional element 
as shown in Fig. 8. With this arrangement, the direc- 
tional element “‘trip’’ contacts were normally opened 
and thus when either of the current elements picked up 
on a secondary load, the ‘“‘trip’”’ circuit could not be 
completed, as the disk of the directional element tended 
to rotate further in the “close” direction. 
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The network protectors equipped with these experi- 
mental sequence relays have been used at several other 
locations, since their initial installation, in order to ob- 
tain operating experience under all possible system con- 
ditions. Locations were selected where frequent and 
large reversals of power occurred due to elevator re- 
generation or other conditions. Satisfactory operation 
of all protectors was experienced at every location. 

The operating record of the protectors now in service 
is tabulated below. The list includes all operations due 
to cable faults, interruption of the feeder at its source, 
and power reversals in excess of relay settings. 


Total Average 
Feeder Period operations operations 
voltage (kv) (days) for period per day 
Se Beccles shoia« ares oy Ae ng a 2 ars AS Bp ei Ae 0.08 
US 8s cc ord sssese ISS LE Sees Sank GAS Fa ds ies eas 0.50 
pS: ee os Cds VTS Sate ses iteisihe.2 IDS cae wae as 2 0.06 
ES See uokewlal ste eae A, Overtones cedieac ie i Ne Pap ee 0.14 
13-8 ona tie ee a ecto te oststanss QO a ee aes oye 
1 Bt ee cee ae ROSS cote Rieke arats ore DORN oe ance ean ke 
LB. Boy lee ole ee EOS ese 2 setae BOG See oye" Bi 0.50 
3) SnGeiauss oes QE Svs ead Aaa Riopectener ef ons 0.03 
ial UE a= ae LTR celal rand sete as Lists axis biee tite 0.006 


*Graphic meter records have shown that frequent power reversals of 
long duration occurred at this location. Current magnitudes in excess of 
the relay settings caused the large number of operations noted. These 
operations have been practically eliminated by readjusting the current 
elements so that they do not pick up on the current magnitudes normally 
encountered at this location. 


Twenty-nine faults have been experienced on feeders 
on which network protectors equipped with sequence 
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Fig. 10—UNnBALANCED CURRENT DIAGRAM 


relays were installed. The operation of the sequence 
relays on each fault was correct. 

Seven 1,600-ampere and four 3,000-ampere network 
protectors equipped with sequence relays have been in- 
stalled recently; while eleven 1,600-ampere and five 
3,000-ampere protectors with sequence relays will be 
installed at an early date. 
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TESTS 


Several tests were made to determine the ease with 
which the ten protectors equipped with sequence relays 
could be opened after deenergizing the 13.8-kv feeder 
at the power station. These tests were made on the 
initial installation when all protectors were connected 
on one feeder. 


Fig. 11—OpreraTiInG CHARACTERISTICS OF THE SEPARATE 
Puasine Com Circuits 


Closing torque is developed within a given circuit when the associated 
feeder voltage terminates within its closing area. The resultant torque is 
always in the “‘opening”’ direction when feeder cables have been incorrectly 
connected as indicated above: 


DELTA-STAR SYSTEMS 
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Feeder Feeder voltage Direction of torque 
cables —————— 

interchanged EF, 180° from E, 180° from Phase B Phase C 
“aang 6.2555 BU gee rea Leg. sao Strong open. ..Strong open. 
Band. Circ vs oscs Dita ib ooo Bd ne pe Light closing. . Strong open. 
Gan C8 2a as oye Pb Fe Saino eS dco) ae Strong open. . .Fair closing 


With all cables rotated 120° or 240°, both phases will produce opening 
torque. 

If feeder voltage Ea = 0, the protector cannot close as the control cir- 
cuit is connected across phase A-C, 


STAR-STAR SYSTEMS 


When any two feeder cables, other than phase a and ground, are inter- 
changed and when all cables are rotated 120° in either direction opening 
torques will be developed in the relay. When phase a and ground cables 
are interchanged, the low control voltage obtained prevents closing of the 
protector 


Two methods of creating a negative phase sequence 
current were used: 

1. A single-phase load on the secondary side of one 
distribution transformer bank. 

2. Grounding one conductor of the 13.8-kv feeder at 
the station which causes an unbalance in the charging 
current. 

Using a load connected from C phase to ground on the 
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secondary side of 150-kva distribution transformer 
bank, it was found that a load of approximately 500 
amperes at 85 deg or 5.2 kw was required to open the 
ten protectors on the feeder. Inspection made after the 
station breaker was opened but before the secondary 
load was applied showed that no protectors opened pre- 
vious to applying the load. At the time of the above 
test, the negative phase sequence current relays were 
set to pick up at approximately 5 per cent of the pro- 
tector rating and the positive phase sequence current 
relays were set to pick up at 30 per cent. 

To open ten 500 ampere network protectors equipped 
with the standard network relays set 30 per cent insen- 
sitive would require a load of 540 kw. 

With the protectors originally closed and the station 
breaker open, all protectors tripped when a ground was 
applied to the A phase of the 18.8-kv feeder at the 
generating station. 

Repeating the test with all protectors blocked closed, 
the negative phase sequence current was measured at 
one location. It was found to be only 2.9 per cent of 
the protector rating instead of the 5 per cent required 
to operate the negative sequence current relay. Further 
tests indicated that a few protectors were tripped dur- 
ing the preceding test, by power exchanges through the 
feeder between portions of the network which were not 
connected on the low voltage side at that time. The re- 
maining protectors cascaded open. 

By switching operations at the generating station, five 
more miles of 13.8-kv cable were added to the feeder 
without increasing the connected transformer capacity. 

After blocking the protectors closed and grounding 
the A phase of this longer feeder, the negative phase 
sequence current was again measured at the above men- 
tioned location and was found to be 8 per cent of the 
protector rating, which was ample to operate all nega- 
tive phase sequence current relays. 

Back feed tests on the long 13.8-kv feeder showed 
that all protectors other than those feeding back re- 
mained open and the relays had strong opening torques. 
Transformer voltages on some protectors as high as 133 
volts were obtained during this test. 

Complete laboratory tests and operating experience 
have shown that needless protector operations are prac- 
tically eliminated by use of this relay. Decreased likeli- 
hood of light flicker and reduced wear on the protector 
result from keeping protectors closed a greater propor- 
tion of time than heretofore. Load-back methods of 
clearing feeders, equipped with insensitive relays, and 
the resulting disturbances in the network are also 
avoided. These advantages have been obtained in a 
single relay, without sacrificing the accurate phasing 
and tripping characteristics now considered essential to 
the successful operation of the network protectors. 

The authors wish to express their thanks to Messrs. 
H. R. Searing, R. E. Powers, B. E. Lenehan and C. T. 
Altfather, whose work has added materially to this 
paper. 
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Discussion 


APPLICATION OF PHASE SEQUENCE PRINCIPLES 
(SEARING AND Powers) 


A SEQUENCE RELAY FOR NETWORK PROTECTORS 
(Orcurr AND Bostwick) 


W. J. McLachlan: The desirability of a relaying scheme for 
network protectors which will result in the elimination of un- 
necessary operations, with minimum sacrifice in system operating 
flexibility, has been evident from operating experience in certain 
systems. These papers present a very interesting approach to 
this problem. 

To the uninitiated the statement that the average number of 
operations is at the rate of 3 to 5 thousand annually per protector, 
may be unduly alarming. It should be particularly noted that 
this statement is qualified as existing ‘‘in certain locations.” 
These locations have been generally limited to large metropolitan 
systems where multiple supply is from several sources, network 
load is relatively light, and elevator regeneration is frequently 
encountered. The average annual operating rate in locations 
other than these is but a fraction of these values. An under- 
standing of this fact is important in evaluating the advantage of 
a relaying scheme which reduces the operating rate, as opposed 
to any possible disadvantages in specific applications. 

Among the methods cited for obtaining negative sequence 
current to cause the protectors to be opened is that of earthing 
one conductor of a delta-connected feeder which has been dis- 
connected from the source. This method will not be found to 
be applicable in systems on a general scale. Systems with long 
22-kv and 27-kv feeders have found it necessary to employ shunt 
reactors to neutralize cable capacitance, thus limiting the voltage 
rise on the network and feeder when the feeder is energized only 
from the network. A recent development in these devices in- 
corporates grounding transformer action of benefit in limiting 
the flow of charging current under the earthed conductor con- 
dition. The action of this device is such that with certain values 
of cable capacitance no negative sequence current flows from the 
network when one conductor is earthed. From the tests re- 
ported, 7.8 miles of 13-kv cable were required to give 8 per cent 
negative sequence current through 10—500-ampere protectors 
on 150-kv banks. Had this feeder been arranged with its full 
capacity in connecting transformers and all of the associated 
protectors equipped with sequence relays, the cable length re- 
quired would have been approximately 4, times as long; 13-kv 
feeders of such length are rare. It will be found that a feeder 
having sufficient cable capacitance to give 8 per cent negative 
sequence current under the earthed conductor condition through 
all connected transformers, of ratings now in use, will give rise 
to objectionable overvoltage conditions when the cable is ener- 
gized through one transformer only. 

From the above, it is concluded that the earthing of one con- 
ductor is practical only as a temporary expedient where few 
transformers are connected to the feeder—or where a few only 
are equipped with phase sequence relayed protectors. In the 
consideration of general applications, some other controllable 
source of negative sequence current must be included. Inas- 
much as it will be desired to clear feeders in which one conductor 
has faulted to ground, such controllable source must have suffi- 
cient capacity to give the desired minimum negative sequence 
current, when that existing due to a ground on any phase of the 
cable is added vectorially to the output of the source. This may 
require a considerable increase in the capacity of the source over 
that required to give operation with the cable ungrounded, inas- 
much as the negative sequence current due to the unbalanced 
cable capacitance may be opposite in phase to that of the source. 

A second method of obtaining negative sequence current, 
illustrated in Fig. 5 of the paper by Mr. Searing and Mr. Powers, 
is described as a small motor-generator set. It is true that the 
generator of this set may be small—but not the motor. This 


June 1933 


motor must carry the total negative-phase current and withstand 
full voltage. Assuming a 10,000-kva 27-ky feeder, with 8 per 
cent negative sequence current required, this amounts to 800 kva. 

Load-back methods of tripping insensitive network relays do 
not necessarily impose an objectionable voltage disturbance on 
the network. This may be accomplished without appreciable 
disturbance by imposing means for circulating current through 
the feeder to be cleared and the remainder of the system. Gener- 
ally, such a method will result in less disturbance when one 
protector only has not opened than any of the methods of im- 
posing negative sequence current which have been mentioned 
in these papers. 

Objectionable unnecessary operations of protectors can be 
eliminated by the use of non-sensitive relays. Feeders can be 
cleared without objectionable disturbance when such relays are 
used. The comparative merit of the sequence relay in cases 
where the reduction of protector operation is desirable, must 
therefore be judged on the basis of overall system economy, 
including load-back means for either scheme, reliability of the 
relay equipment, and maintenance requirements. 

From the practical viewpoint, an objection to this scheme of 
relaying may arise from the fact that a multiplicity of electrical 
devices is involved, the failure of any one of which will render 
the relay completely inoperative either in tripping or closing 
operation or both. This is contrasted to the more usual relaying 
methods in which the actuating elements operate in accordance 
with single-phase phenomena, such that the failure of a single 
part affects only the operation of the corresponding phase 
element. 


In the arrangement as described, the directional element must 
operate on the same exacting requirements of current magnitudes 
and phase angles as the present sensitive relays. Such require- 
ments have been a decidedly limiting factor in the design of 
network relays. Because of the range of current on which opera- 
tion is desired, the relay must operate on small torques, with cor- 
responding limitations in sturdiness and overall reliability of the 
devices. A relaying system which does not impose these stringent 
requirements would be of obvious advantage. In the sequence 
relay, the tripping phase angle characteristic is dependent not 
only on the characteristies of the directional relay elements but 
also on the exact characteristics of all devices in and associated 
with the filter circuits. Extreme care must be exercised in the 
design and manufacture of this equipment to control exactly the 
characteristics of all devices, or variation in the tripping charac- 
teristic will result in failure to meet the requirements. 


J. A. Brooks: In general the history of development has been 
that some anticipated conditions do not materialzie and other 
conditions not anticipated become a problem. In.addition some 
parts of the new device are usually obtained by use of standard 
equipment developed before for other applications and not 
particularly suitable for the new functions desired. I believe 
that our existing low-voltage a-c network protector has not 
escaped these more or less traditional fates and that we should 
now carry out the third historical phase of development by 
materially simplifying the device originally developed. These 
papers are unquestionably a forward step in this direction. 


In the past, manufacturers have been somewhat handicapped 
by the many requirements specified by the operating companies 
for network protector operation. In brief these requirements 
have been that the network protector shall not close unless the 
feeder voltage is at least equal in magnitude to network voltage, 
unless the feeder voltage is in phase with or slightly leading the 
network voltage, and unless the phase rotation of the incoming 
feeder is the same as that of the network. The opening require- 
ments have specified that the network protector shall not open 
unless polyphase power is flowing from the network to the feeder 
and that it shall be possible to adjust the tripping device for 
operation on magnitudes of backfeed varying from the excitation 
energy of the associated network transformer to the short-circuit 
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currents and power factors obtainable for all possible network 
constants. As pointed out by Messrs. Searing and Powers the 
requirement of sensitive reverse power trip has materially com- 
plicated present network relaying equipment, this complication 
being necessary to prevent pumping operations and to make the 
sensitive feature operable on the leading backfeeds sometimes 
drawn by high voltage network feeder cables. The introduction 
of the phase sequence relay provides a new means for handling 
these difficulties. 


The network relays and network switches used in the present 
network protectors are fundamentally of the same design as 
switchboard devices used for several years before the advent of 
the low voltage a-c network. Switchboard application is different 
from network application in that a switchboard device can be 
inspected and maintained easily whereas a distribution device 
housed in a water-tight compartment located in a street manhole 
is not readily accessible for inspection and maintenance, also 
that the number of such distribution devices on a large system 
will become so great as to make frequent inspection and main- 
tenance a large item. Before the advent of the network pro- 
tector, distribution devices consisted chiefly of distribution trans- 
formers and eable, both of which require relatively little main- 
tenance. The network protector to be entirely satisfactory 
should be made to approach this ideal as far as possible. 


These two papers pertain only to the relay equipment and not 
to the network switch which also is a source of inspection and 
maintenance expense. I believe the fact that fuses are now almost 
universally used as back-up protection indicates that the industry 
is not satisfied that the present network protector is sufficiently 
sturdy and reliable to be counted upon for positive operation. 
There are several undesirable features introduced by the use of 
the back-up fuse, the chief of which are a material increase in the 
loss dissipated in submersible network equipment and the use of a 
straight overload device in series with an elaborate directional 
device. The elimination of the fuse should make it possible to 
use smaller subway type network protectors for a given rating 
and should eliminate troubles which arise in certain service lay- 
outs due to the lack of fuse selectivity. 


It would seem that the only urgent requirements.of operation 
for network protectors are that they close when and only when 
the conditions on the associated feeder are normal or when the 
voltage on all three phases of the feeder exceed a pre-determined 
value, that the network protector should trip when and only when 
there is a short circuit on the associated network feeder or a 
means is applied at the station for opening all network protectors 
ona feeder. Additional operating requirements may be desirable 
but a careful analysis of their justification should be made if their 
use adds complication. 

Transmission systems have for a long time been networks of 
varying extent. They have in most cases been operated by 
closing all the switches and leaving them closed except when 
equipment was taken out of service for inspection and repair or 
when a fault on a part of the system was isolated by relay opera- 
tion. This method of operating is predicated on the premise that 
the system must be designed and operated in such a manner that 
abnormal feeder conditions, except in cases of emergency, will not 
oceur, and usually when such emergency conditions arise it is 
not intended that more switches in the transmission system open 
than is required to isolate the trouble. Is there any reason why 
the operation of the distribution network should be different 
from the above except that a means be added for voluntary 
opening of the network switches from the station? 

In my opinion the manufacturers of network protectors should 
develop an entirely new equipment, the relay and switch both 
designed to go together as a unit, both being as simple, sturdy 
and reliable as it is possible to make them, this reliability being 
great enough to allow abandonment of the fuse and the simplicity 
being sufficient to allow an appreciable reduction in price. The 
operators should cooperate to the utmost in this development 
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and eliminate all past operating requirements which cause in- 
herent complication in the network protector and which are not 
absolutely necessary for satisfactory system operation. This 
development should not be influenced by past prejudices on the 
part of either the manufacturer or operator, and all component 
parts of the equipment should be designed and built for distri- 
bution application which requires a very minimum of inspection 
and maintenance and a very maximum of reliability. 

W. R. Bullard: The method of relaying described in these 
papers solves, in a very ingenious manner, certain operating 
problems that have arisen in connection with low voltage a-c 
networks. This method of relaying, undoubtedly, has its fields of 
application, probably the major field being that of large net- 
works in metropolitan areas. I believe, however, that the general 
situation should be very carefully studied before any move is 
made to make a general change in design of network protectors by 
incorporating this principle. One thing which should be con- 
sidered is the fact that many small operating companies are 
meeting the problems mentioned in these papers satisfactorily 
with existing equipment. These companies have organizations 
trained in the use of present equipment and any general change 
of design would mean considerable inconvenience, both in the 
problem of stocking apparatus and in the matter of training the 
personnel to handle the new design. 


A number of years ago I wrote a paper outlining my standpoint 
as of that time concerning operating requirements of network 
relays. The requirements outlined were rather exacting and 
complicated. Since that time much has been learned about the 
operation of networks and some of the anticipated applications 
of the network principle have not materialized. One of these is 
automatic synchronization at the load. The present business 
situation has been a vital factor in revising many engineering 
standpoints and we have learned, among other things, that many 
operating conveniences, formerly considered justified, can be 
properly and economically dispensed with. Another factor in 
this specific problem is the growing interest that is being shown 
in the application of low voltage networks to overhead distribu- 
tion systems which focuses attention on the desirability of low 
cost and extreme simplicity. In view of all these factors, I now 
feel that the past tendency in the development of network 
equipment has been to attempt to make it perform too many 
functions, and that this tendency has resulted in too many 
mechanical and electrical complications. Therefore, if any general 
change is to be made in network apparatus design, I feel that it 
should be directed toward general and complete simplification. 
The method of relaying described in these papers is a step 
toward simplification, but stops considerably short of the goal 
IT have in mind. 


One of the present factors which tends to prevent the accomp- 
lishment of really worth while simplification is the requirement 
for high sensitivity, both in the opening and the reclosing func- 
tions. If this requirement were dispensed with or materially 
modified, it seems quite probable that a large percentage of the 
complications involved either in present equipment or in the 
method of relaying described in these papers would be eliminated, 
the result being an extremely simple and sturdy piece of equip- 
ment, possibly lacking sensitive relays of any kind, but utilizing 
instead the direct application of control impulses to the switch 
mechanism itself. Perhaps, we are not yet prepared for a sweep- 
ing change of this kind, but I have a feeling that it will 
eventually be brought into the general picture. In the meantime, 
it would seem desirable to avoid any wide spread intermediate 
change of design in the face of the need for a more sweeping 
change. 

H. C. Forbes: Messrs. Searing and Powers point out in their 
paper several cases where the electrical relationships on the sys- 
tem under what they very properly describe as normal operating 
conditions may be such as to produce an excessive number of 
network switch operations. The phase sequence relay which 
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they have developed promises to eliminate the excessive number 
of operations under these troublesome conditions and since at 
the same time it introduces other desirable features it will no 
doubt, receive a royal welcome from the central station industry. 
This admirable solution of a difficult distribution problem, how- 
ever, should not be taken by those engineers who are concerned 
with the design and operation of the system from which the net- 
work supply is derived as an occasion to shrug their shoulders 
and assume that nothing further remains to be done. 

On the contrary, the differences in phase angle and voltage 
which oceur on the system at different points still will be present 
and may manifest themselves in the shape of overloaded distri- 
bution transformers and loss in efficiency due to unwanted circu- 
lating currents. It is my belief that further effort in the direction 
of eliminating this trouble at its source would be well rewarded. 
For example, generating station busses are usually divided into 
sections which are interconnected by means of reactors or in 
some cases they may be even more completely segregated by 
interconnecting them only through system ties and feeders 
external to the station. Now under such conditions there will 
assuredly be appreciable differences in voltage and phase angle 
between the several bus sections in the station unless a definite 
effort is made to avoid them. I venture to say that in most 
such stations there are adequate voltmeter installations so that 
the operators have a satisfactory guide in controlling the voltages 
but in no station to my knowledge is there a permanent installa- 
tion of equipment which gives the operators a direct indication 
of the differences in phase position of the several bus sections. 
The engineers of the central station companies will do well to 
give careful consideration to the provision of such facilities. In 
the meantime the station operators can hardly be severely 
criticized for not maintaining their bus sections in phase in the 
absence of any means of knowing definitely when they have ac- 
complished the result. 

There are many other ways in which careful design and opera- 
tion of the power system can supplement the benefits to be ob- 
tained from the newly developed relay and there seems no reason 
to doubt that the improved equipment will go hand in hand with 
improved engineering coordination of the elements of the central 
station systems, and that further enhancement of the well 
deserved popularity of the low voltage a-c network system of 
distribution will result thereby. 


C. M. Gilt: The papers presented on phase sequence relays 
well illustrate the change in thought that frequently accompanies 
a development of any character. I believe the general applica- 
tion of so-called sensitive network relays has been due to a 
philosophy of design and operation common during the early 
stages of the development of the low-voltage, a-c network, but 
which has not been followed out as operating experience was 
obtained. 


Many of the early ideas were built around the assumption that 
a successful network required the use of relatively high im- 
pedance transformers closely spaced so as to obtain relatively 
low impedance in the secondary connections between trans- 
formers. With such a design proper voltage regulation of the 
network would be obtained by taking primary feeders and net- 
work transformers out of service progressively as the load de- 
creased, so as to obtain approximately constant load on the 
feeders in service and reduced transformer core losses. Such 
operation required the use of sensitive relays which would readily 
trip on exciting current of the network transformer or the charg- 
ing current of the high-tension feeder when backfed from the 
network. 


As a matter of actual development, networks are commonly 
built with transformers of normal reactance design and spaced 
far enough apart so that there is usually a fair amount of im- 
pendance between units. The primary voltage is regulated ac- 
cording to load so as to obtain approximately constant voltage 
on the network, and feeders and transformers are not taken out 
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of service at periods of light load for the sake of regulation or 
saving of losses. Consequently, one of the principal incentives 
for the use of sensitive relays has disappeared or never actually 
developed. Furthermore when it does become necessary to con- 
nect two or more network transformers with relatively low 
impedance between them, the sensitive relay becomes a real 
handicap in that it trips units on small backfeed due to slight 
differences in feeder voltages at time of light load and so reduces 
the transformer capacity that bad flicker and frequent network 
switch operations result when large motors are started or eleva- 
tors are operating. 

By removing the requirements for sensitive operation, it would 
appear possible to eliminate other requirements and to simplify 
greatly the network relays, securing a much more sturdy device 
that will not require the delicate settings and adjustments of the 
present relays. It is of course essential that the network switch 
should trip promptly on high tension feeder failure and that 
means should be provided for readily tripping the breaker on the 
few occasions that it is necessary to take the high tension feeder 
out of service for maintenance or rearrangements. 

It would appear that the relay characteristics outlined in these 
papers provide one method of eliminating the sensitive character- 
istics of the standard relay, while still retaining the essential 
features of tripping on high tension feeder failure and providing 
a means of intentionally tripping the breaker when such needs 
arise. 

It is highly desirable that developments with these objects in 
view be carried along and particularly it is to be hoped that we 
may obtain still further improvements in simplicity, sturdiness 
and reliability of network switches and relays. 

H. R. Searing and R. E. Powers: Simplification in apparatus 
ordinarily is accomplished through the reduction in actual re- 
quirements in the number of functions performed by the appara- 
tus and a reduction of functions performed must be in order 
before a more simple device can be produced. With increased 
operating experience in secondary network systems it is apparent 
that considerable thought is being devoted to the network pro- 
tector with the general thought of “laying down the bars’’ on 
requirements to secure a more simple unit. This thought applies 
to future devices not designed at the present time; however, we 
have many thousands of network units in service today and 
changing conditions make it necessary to render a large number 
of these units selective, tripping only on power reversals on the 
order of 20-100 per cent of bank rating. Negative phase sequence 
auxiliaries can be added to existing equipment to produce results 
comparable to that secured from the relays described in this 
paper, the directional function being performed by the existing 
three-phase watt element. It is the general feeling that any 
system operated selectively will require some form of load back 
method to open protectors from the source. The system em- 
ploying negative phase sequence current in conjunction with a 
directional watt element in comparison to the existing proposed 
schemes will require a minimum amount of terminal apparatus 
to provide the necessary intentional tripping functions. ‘ 

With reference to the discussion by Mr. W. J. McLachlan we 
agree that earthing of a single conductor on a delta-connected 
feeder which has been disconnected from the source is not a 
universal solution in providing a source of negative phase se- 
quence current for tripping. In the body of our paper we point 
out that the quantity of negative sequence current is a function 
of cable length, voltage and number of banks involved and is thus 
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a variable quantity. In referring to Fig. 5 of our paper Mr. 
MeLachlan calculates 800 kva for the motor of the motor- 
generator set to accompany a 10,000 kva 25 kv feeder. In 
considering that particular feeder combination equipped with 
selective equipment of standard design set at 25 per cent power 
reversal it would require at least 2,500 kw transfer to cause the 
protectors to open, and if the current circulated were other than 
at unity power factor the kilovoltamperes would be greater. 
Thus relatively the motor-generator set can be classified as 
small although there will be a difference in the rating of motor 
and generator. Static apparatus can be employed as a means of 
providing a source of negative phase sequence current for tripping 
and may prove to be superior to rotating equipment. 

Generally speaking, we intend to use negative phase sequence 
current to provide an initiating impulse to trip protectors and 
not to open switches that fail to open mechanically or otherwise. 

The only manner in which a protector in that condition can be 
opened is manually or by opening the associated fuses by the 
circulation of current through the defective protector and 
measured at the switch takes, for a 500-kva bank approximately 
2,000 kva for a protracted period of time. 

Mr. MeLachlan states that the directional element of the 
proposed arrangement is subjected to the same requirements as 
the present relaying system as far as magnitude and angular 
relationship are concerned. In the main this is true, however, 
careful study of field performance shows that the relay has been 
one of the most reliable and satisfactory portions of the network 
protector and when properly applied functions satisfactorily. 
Failures to operate have in the majority of cases been at points 
other than the relay. 

We have encountered no difficulty whatsoever in designing 
relay and associated filter so as to secure the proper relay charac- 
teristics with ordinary shop testing and routine. 

H. S. Orcutt: The relay described in our paper was designed 
to meet all the requirements originally considered as being neces- 
sary for successful operation of the network protector. While 
it may seem that the relay is complicated, as pointed out in the 
discussion, it is in fact no more so than the present relaying 
equipment since the majority of its parts are fixed resistors and 
reactors which have been built with a large factor of safety to 
avoid failures. 

We are in complete agreement with the need of further simpli- 
fication of the network equipment. It was with this idea in 
mind that the sequence relay was developed in its present form 
with a single disk directional element and with the new design of 
phasing circuit, otherwise a negative phase sequence overcurrent 
element could have been added to the standard relay equipment 
and satisfactory results obtained. The addition of a negative 
phase sequence overcurrent element to the present relaying 
equipment affords a means of eliminating the manual operation 
of the present non-sensitive network protectors when it is desired 
to deenergize the feeder. 

With the growing feeling toward simplification many of the 
exacting characteristics required of the original network relays 
are decreasing in importance or are being eliminated entirely. 
This undoubtedly will result in the simplification of the relaying 
equipment. From operating experience in New York it is 
found that from 80 to 90 per cent of the failures on network 
protectors are directly contributable to the breaker. We be- 
lieve, therefore, that the logical place to start simplification or 
improvements is on the breaker. 


Higher Steam Pressures and ‘lemperatures 
A Challenge to Engineers 


BY MELVIN D. ENGLE* 


Member, A.I.E.E. 


HE optimum steam pressure and temperature for 

T steam-electric generating stations has not been 

determined. Because of the importance of the sub- 

ject to the electrical industry, it has been considered 

worth while to present a resumé of what has been ac- 

complished with comments of such a nature as to pro- 
voke helpful discussion. 

Fig. 1 shows the operating pressures and temperatures 
that have been used in the steam-electric generating 
stations of one of the electrical companies in the United 
States from 1885 to date, and Fig. 2 shows the improve- 
ment in fuel economy that has resulted from the use of 
higher steam pressures and temperatures and other im- 
provements in station design in the stations of the same 
company. These curves are typical of what has been 
accomplished by the electrical industry in general by 
constant and persistent study of the problem. The 
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second curve in Fig. 2 shows what has been accomplished 
by all utility plants in the United States—good, bad, 
and indifferent. These curves indicate that the fight for 
better economy has been very much worth while but are 
at the same time a challenge to the ingenuity of the 
engineers of the future. This better and better fuel 
economy has been accomplished in general by stations 
that have cost less and less per unit of capacity in spite 
of their better economy. Will the engineers of the future 
be able to meet the challenge? 


*Asst. to the Supt., Station Engineering Dept., The Edison 
Elec. Illuminating Co. of Boston. 

+Chief Engineer and Supt. Construction Bureau, The Edison 
Elec. Illuminating Co. of Boston. 

Presented at the Winter Convention of the A.I.E.EH., New York, 
N. Y., January 28-27, 1933. 
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Fig. 3 shows a comparison of approximate station 
heat rates at constant pressure and varying tempera- 
ture from 750 deg to 1,000 deg F. It shows graphically 
that no matter what pressure or cycle one may select, 
the higher the steam temperature, the better the station 
economy. Most of the problems involved in the use of 


w 


oo 


o 


COAL CONSUMED PER KILOWATT HOUR, 


Ld 


1905 1910 1915 1920 925 1930 193s 


Fig. 2—F uri ConsuMPTION FOR THE SysTEM OF THE EDISON 
Execrric ILLUMINATING Co. or Boston and ALL UTILITIES IN 
THE UNITED STATES 


a steam temperature of 750 deg F have been solved. 
Some of the new stations now being built will operate 
at a temperature of from 825 to 850 deg F and within a 
comparatively few years we will, no doubt, be operating 
with steam temperatures of 1,000 deg F. The limita- 
tions imposed by the materials of construction for super- 
heaters, reheaters, turbines, valves, etc., are slowly be- 
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ing removed and the 1,000: deg F station is no longer a 
fantastic dream. It will be a reality within the lifetime 
of many of those living today. 

The problem of the control of the temperature of the 
steam leaving the superheaters and reheaters is one that. 
must be solved before much further progress can be 
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made, for while we could probably design for nearly 
1,000 deg F today, the equipment would not withstand 
the temperatures that would exist during abnormal op- 
erating conditions such as dirty boilers, poor combustion 
conditions, and changes in the character of the fuel be- 
ing burned. This problem is being studied and seems 
well on the way to a satisfactory solution. 

Fig. 4 shows the comparison of approximate station 
heat rates at constant temperature and varying pressure 
from 400 Ib to 2,500 Ib. These curves show that no mat- 
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ter what steam temperature one may select, the higher 
steam pressures show considerable improvement in 
station economy when compared with the so-called 
moderate pressure of 400 Ib. The improvement in 
economy for pressures at least as high as 1,200 lb are 
of such a magnitude that station designers can not 
afford to disregard them. 

A number of designers seem to favor a pressure of 
from 600 to 700 lb and a temperature of from 825 to 
850 deg F without reheat on the plea that such a station 
gives good economy and is simpler than one employing 
the reheat cycle. Jt is true that such a station (600- 
700 lb) will give approximately 5 per cent better econ- 
omy than a 400-lb 850-deg station but the designer 
should not overlook the fact that on the same basis a 
1,200-lb 850-deg reheat cycle station will give approxi- 
mately 131% per cent better economy than the 400-lb 
850-deg station. 

A number of stations is in service employing the re- 
heat cycle and no very serious operating difficulties have 
shown up. It boils itself down, therefore, to the question 
of the unit cost of construction for stations of various 
pressures and cycles. 

It is an extremely difficult matter to determine in 
advance the exact comparative cost of a new station or 
an extension to an old station, where the only difference 
is to be in the steam pressure or steam temperature. 
The difference in unit cost is a very small percentage of 
- the whole, and an error in design can change the unit 
cost more than the difference due to pressure or temper- 
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ature. Those who have actually built stations for mod- 
erate and high pressures are not really sure as to the 
exact difference in unit cost because of the other vari- 
ables entering into the various designs. However, all of 
those who have built high pressure stations feel that the 
higher pressure was justified. 

Past experience has shown in general that higher 
steam pressure does not of itself increase the cost of 
construction, but actually results in lower unit costs of 
construction. For example, probably all agree that a 
400-lb 750-deg non-reheat station would cost less per 
kilowatt of capacity than a 200-Ib 750-deg station built 
to operate on the same cycle. It is known, however, 
that a 600-lb, 750-750-deg reheat station would cost 
more per kilowatt of capacity than a 600-lb 750-deg 
non-reheat station. 

The probable facts of the case are that the unit cost 
of construction decreases with increase in pressure as 
long as the same heat cycle is employed and as long as 
the pressure does not require a radical change in the 
design of the pressure apparatus. When a pressure is 
reached that requires a change in the heat cycle or a 
radical change in design of the pressure apparatus, the 
unit cost probably takes a sudden jump and falls off 
again as the pressure is increased until another change 
in heat cycle or design is necessary. This idea is illus- 
trated graphically by Fig. 5. 

The unit cost of the pressure parts is greater for 
higher pressure apparatus and so high-pressure mis- 
takes are more expensive than low-pressure mistakes. 
Our discussion is based on proper design for all condi- 
tions. 
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Fig. 6 shows the additional capital investment’ per 
unit of capacity that is justified for a 1,200-lb 750 deg- 
750 deg reheat station over a 400-lb 750-deg non-reheat 
station for 40 per cent load factor and various costs of 
fuel. Where there is a question in one’s mind as to the 
exact unit cost of the high-pressure station it is com- 
forting to know that a considerable increase in unit cost 
is justified by the higher thermal efficiency. 

We are all interested in generating electrical energy 
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for the lowest cost per net kilowatthour. Weare also 
interested in keeping down to a minimum the cost per 
net kilowatt of capacity of our generating stations. 
We would be untrue to our trust, however, if we did not 
design according to our best engineering judgment so 
as to obtain the lowest cost per net kilowatthour gene- 
rated. We should endeavor to obtain the highest pos- 
sible “dollar efficiency.” 
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Another important consideration in the selection of 
the most economical pressure and temperature is the 
fact that the design and manufacture of high-pressure 
generating equipment is in its infancy. As time goes 
on, designs will be improved and manufacturing meth- 
ods will be changed so that we will be able to install the 
more economical equipment for considerably less per 
unit of capacity than we can today. It is necessary, 
however, that we go through a period of development. 
If we can promote this development without actual 
financial loss, by the use of equipment that is economi- 
cally justified at its present price, we aid in the progress 
of the art and will reap even greater profits in the future. 
If we refuse to install the equipment which our engi- 
neering studies indicate is the most economical, we are 
seriously hindering the progress of our industry. 

Station designs in which one steam generating unit 
supplies all of the steam required by one turbo generator 
unit are becoming more and more generally accepted as 
the most economical. A properly designed steam gener- 
ating unit has about the same availability today as the 
turbo generator unit and this change in design is both 
logical and justifiable. Furthermore, since the availa- 
bility of the steam generating unit and turbo generator 
unit are about the same, there does not seem to be any 
justification in a station for spare steam generating 
units. We can expect the stations built in the future 
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to have firm boiler capacity very closely matching the 
steam requirements of the turbo generator units at full 
load. 

Welded boiler drums are a new development that will 
probably become more generally used in the future and 
should result in lowering the unit cost of the steam gen- 
erating units. 

Boiler manufacturers have only recently made any 
serious attempts to determine the maximum safe capac- 
ity of the boilers which they manufacture. This infor- 
mation is necessary if the most economical design of 
boiler is to be obtained. The boiler units of the future 
will probably be designed to operate the boiler proper 
at nearly its maximum safe capacity and heat traps of 
various kinds will be so arranged as to give the boiler 
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room efficiency that is justified under the particular 
conditions of the installation. 


Where it is possible to use it, we should not forget 
that the most economical boiler design is one using the 
longest drums that it is possible to obtain and the long- 
est tubes that will fit in with the particular design. Such 
a design not only results in the lowest cost of the boiler 
itself but also gives the lowest unit cost of building and 
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- furnace and practically all items that enter into the cost 
of the boiler plant. 

The series boiler has been in use for several years in 
Europe and the manufacturer claims that such a design 
results in the lowest unit cost. We have recently had 
considerable interest shown in this type of boiler in the 
United States, and two experimental units have been 
built and tested. The possibilities of this type of steam 
generating unit warrants further study, and probably 


| 
| 


Hl 


i 
lil 


| 
| 


ECONOMIZER: 


| 


ll 


HIGHER STEAM PRESSURES AND TEMPERATURES 


633 


Fig. 7 shows a cross section of the experimental series 
boiler tested at Purdue University and the Benson com- 
mercial series boiler in service in a European station. 

The use of larger and larger turbo generator units in 
the past has, in general, resulted in a very satisfactory 
reduction in the unit cost of the units, their auxiliaries, 
and the building to house them. Probably larger units 
will be used in the future than are dreamed of today. 

Manufacturers of turbo generators have patterns for 
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A—Cross section of 15,732 sq ft 1,200-lb boiler—Edgar Station 
B—Cross section of 15,093 sq ft 1,400-lb boiler—Edgar Station 
C—Cross section of 6,971 sq ft 1,400-lb boiler—Edgar Station 


commercial trial in the United States. In spite of our 
natural prejudice against the idea in general, and the 
many reasons we can think of why such apparatus would 
be unsatisfactory, the facts of the case are, that they are 
in service in Europe and operating with some degree of 
success. The series boiler and superheater may be the 
answer to our need for superheat control for higher tem- 
peratures and may have possibilities that we do not 
realize at this time. 


turbine shells of various sizes. When they receive a 
request for a bid on a turbo generator unit of a specified 
capacity, they usually select the turbine shell for which 
they have a pattern that most nearly meets the specifi- 
cation and nozzle it for the specified capacity. This is, 
of course, more economical than to design a new shell 
for each bid. 

Quite often the turbine shell selected is capable of 
being nozzled for considerably greater capacity, without 


634 


UVE STEAM TO __ _ 
REHEATER SUPERWEATER 


LOW PRESSURE STEAM INLET 


TO Uv 
REHEATER SUPERHEATER 


. _ UVE'STEAM 
RENEATER SUPERHEATER 


ENGLE AND MOULTROP 


Transactions A.I.E.E. 


Fia. 9 


A—Cross section of 1,525-lb boiler—Station B, San Antonio, Tex. 
B—Cross section of 1,400-lb boiler—South Amboy Station, South Amboy, N. J. 
C—Cross section of 1,400-lb boiler—State Line Generating Sta., Hammond, Ind. 


any material increase in cost. We should be careful to 
obtain the maximum capacity from the turbine shells 
which we purchase, for in that manner we can obtain the 
greatest capacity per dollar invested in the turbine 
room. 

The development of the higher pressure apparatus 
has been both interesting and rapid. In fact, the 1,200 lb 
equipment has been developed more rapidly than the 
equipment for any of the lower pressures. The designs 
used have clearly shown what can be accomplished by 


intensive study by competent engineers and by close ~ 


cooperation between manufacturers and users. 

Figs. 8, 9, and 10 show the various designs that have 
been used in the development of the 1,200-1,400-lb cross 
drum boiler from the 148,000-lb per hour boiler installed 
in the Edgar Station which had a capacity of approxi- 
mately 3,575 lb per hour per section to the latest design 
being offered which has a capacity of approximately 
25,000 lb per hour per section. 

It is not necessary to discuss in detail the changes in 
design that have been made. A study of the illustrations 
shows very clearly the development of the apparatus. 

Fig. 11 shows the parallel development of the 1,300- 
1,400-lb multiple-drum bent-tube boiler from the first 
one installed in the Lakeside station in Milwaukee to the 
latest ones installed in the River Rouge Plant of the 
Ford Motor Company in Detroit. They also show that 
progress is being made although the changes in design 
have not been as radical as in the development of the 
cross drum type. 

The developments that have been made in the design 
of the 1,200-lb turbines and boiler feed pumps have been 
correspondingly satisfactory although the illustrations 


do not show up the changes as clearly as they do for the 
boilers. 
The first 1,200-lb turbine installed had a capacity of 


Fira. 10—Cross Section or Proposep 1,400-Lp Borer © 
Havine a Capacity or 25,000 Ls per Hour per Secrion 


3,150 kw and was a single valve, twenty-stage unit as 
shown by Fig. 12.. A number of similar machines were 
built with capacities as great as 10,000 kw but they all 
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A—Cross section of 1,300-lb boiler—Lakeside Station, Milwaukee, Wis. 
B—Cross section of 1,350-I!b boiler—Northeast Station, Kansas City, Mo. 
C—Cross section of 1,400-lb boiler—River Rouge Plant, Ford Motor Co., Detroit 
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Fig. 12 


A— 3,150-kw, 1,200-lb turbine—Edgar Station, Weymouth, Mass. 
B—12,500-kw, 1,200-1,300-lb turbine—Edgar Station, Weymouth, Mass. 


had the disadvantage that their economy at partial load _ turbines have been installed and are performing satis- 
was considerably less than at full load because of the factorily. Fig. 12 shows 1 five-valve design. 

single valve construction. To rectify this shortcoming, Another very interesting development has been the 
multiple valve turbines were designed giving very good so-called vertical compound design shown by Fig. 13, 
economy from one-half to full load. A number of such in which the high-pressure turbine and its generator are 
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mounted above the low-pressure element, resulting in a 
considerable saving in turbine room floor space and 
foundations. The largest 1,200-lb turbine generator in 
service today has a capacity of 110,000 kw but others 
of larger capacity are under construction. 

The development of the high-pressure boiler feed 
pump has also been very rapid from the first 300 gpm 
unit to later ones having a capacity of over 2,000 gpm. 
The difficulties in developing satisfactory high-pressure 
boiler feed pumps have been accentuated by the lack of 
suitable variable speed 3,600 rpm a-c motors and by the 
fact that the water is heated by the extraction heaters 
to a temperature of about 440 deg F. These two factors 
and the difficulty of obtaining sound steel castings have 
been responsible for most of the difficulties that have 
shown up. 

In making the decision on the steam pressure to be 
used in future construction we should also keep in mind 
that considerably greater capacity can be installed on a 
given piece of property if the station is designed for the 
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Discussion 


A. C. Weigel: With the coming of higher pressures required 
for steam generating units, the question of the fabrication of 
higher-pressure boiler drums, and other high-pressure vessels con- 
nected with the boilers, has necessitated a thorough study, on the 
part of the manufacturers and the A.S.M.E. Boiler Code Com- 
mittee, of proper, safe and economical construction. 

Physical limitations and shop facilities for the manufacture of 
riveted boiler drums have normally been limited to material 
about 254 in. thick, which means that on the average size boiler 
drums, riveted construction is limited to approximately 500 lb 
pressure for bent-tube boilers and 750 lb pressure for boilers of 
the cross-drum type. When the first boilers were built for pres- 
sures higher than these, it was necessary to use forged steel drums. 
The manufacturing of forged steel drums is a very expensive 
procedure due to the enormous amount of work in the forging of 
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Fig. 13 


A— 50,000-kw vertical compound turbo generator 
B—110,000-kw vertical compound turbo generator 


higher pressures. If the circulating water available is 
limited, or the cost of constructing the intake and dis- 
charge is high because of local conditions, the high- 
pressure station has the advantage that greater capacity 
can be obtained from the water available and the unit 
cost of the intake and discharge tunnels will be consid- 
erably less. 

Where existing stations are to be remodeled or ex- 
tended, high-pressure equipment will permit greater 
capacity to be installed in the existing buildings and can 
be given load preference and will increase the economy 
of the whole station much more than the difference in 
economy between the high-pressure equipment and the 
existing equipment. 

From a consideration of these facts, we can safely say 
the engineers of the future will meet the challenge of 
past accomplishments and will build steam-electric gen- 
erating stations that will show considerably better fuel 
economy than our present stations and, furthermore, 
will cost considerably less per unit of capacity. 


these drums, numerous heatings of the material during the 
process of the forging and the final finishing or machining of the 
drums, together with the wastage resulting from the large amount 
of material that must be discarded to insure the removal of all 
surface defects caused by the forging. Asa result, the cost of the 
drums on the majority of the high-pressure boilers is, in many 
cases, more than 50 per cent of the total cost of the boiler. How- 
ever, there has been one advantage in the use of forged steel 
drums, that is, that after careful study the A.S.M.E. Boiler Code 
Committee has allowed the use of forged steel drums of a higher 
carbon content and higher tensile strength than that allowed in 
regular fire box steel, therefore reducing to some extent the weight 
and thickness of the drums involved. 

As fusion welding for tank work and pressure vessels has been 
in vogue for some time and as there has been quite a good deal of 
progress made in. the studying of the procedure and the results 
obtained from these welds, the A.S.M.B. Boiler Code Committee 
several years ago, began a thorough study of the requirements 
necessary to assure uniformity of product and safety when using 
fusion welding in the manufacture of high-pressure vessels. After 
several years of study and discussion, the Code Committee, in 
June 1931, adopted rules for the manufacture of fusion-welded 
boiler drums. Besides describing to a great extent the method of 
procedure for. manufacturing boiler drums, a principal require- 
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ment of the code that is leading to new uses of electricity in 
fabrication is that pertaining to the X ray test. This requires 
that all longitudinal and girth seams on fusion-welded boiler 
drums are to be X rayed or gamma-rayed to prove the soundness 
of the welds. 


Execrric Arc Usrep ror BoILER FABRICATION 


A number of processes or procedures are followed by various 
manufacturers for fusion welding, but so far coated-rod, metallic- 
are welding has been adopted almost universally. Plates are pre- 
pared with grooves of special shapes at their junction points with 
the proper slope along the edges of the groove to prevent under- 
cutting and slag formation in the under-cutting. The weld metal 
must be deposited at a high temperature and puddled in place, 
using a coated rod of such type as to burn the oxygen in the 
vicinity while the metal is being deposited and also to coat the 
layer of hot metal with a protective coating to prevent absorption 
of oxygen and nitrogen by the hot material which, unless coated, 
has a high attraction for these gases. Hach successive layer of 
welding must also have a tendency to anneal or stress relieve the 
underlying layer and great pains should be exercised in inspecting 
each layer to be sure that the laying in of that individual layer 
has not caused shrinkage cracks due to unequal expansion. 
These shrinkage cracks will not appear providing the structure is 
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APPARATUS FOR TESTING QUALITY OF ELECTRIC WELDS IN 2144 
In. Borter PLatTEs 


properly supported and the deposited material is sufficiently 
ductile. It is usually necessary to deposit, in the bottom of the 
groove, at least one layer of cooler material, this to act as a filler 
in the bottom of the groove. This material, being more porous, 
is cut out and refilled with higher grade material. Due to the 
fact that the last layer deposited is never of the same quality as 
the others, it is required to lay on beads so as to increase the thick- 
ness of the weld over that of the parent plate. This reinforcing 
bead need or need not be removed, although for practical pur- 
poses and for the correct reading of X ray films, it is advisable 
that it be removed, either by machining or grinding, as there are 
always ridges, small slag pockets and defects in this last rein- 
forcing bead, and these may confuse the operator in reading the 
X ray films with the condition of the center portion of the weld. 


X Ray Usep ror Testing or WELDS 


The test plates attached to the ends of the drums for making 
the physical, chemical, and microscopic tests, if any, indicate the 
class of welding being laid in but do not give any assurance that 
the procedure has been uniform and that there is a lack of shrink- 
age cracks, slag pockets or gas pockets throughout the weld or 
along the border between the weld and the parent plate. 
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It has been proved that many processes of fusion welding with 
proper methods of control, make possible the production of de- 
posited metal, equal or superior, in physical and chemical proper- 
ties, to the boiler plate. On the other hand, it is undeniable that 
from its very nature fusion welding leads to greater variance in 
some respects than the steel plate manufacturing process. 
Therefore, the question is ever present in the minds of responsible 
manufacturers and users as to whether a welded seam is as good 
or better than the physical tested sample coupons. As a result 
it was necessary to adopt a satisfactory and positive method of 
non-destructive tests. This was commercially available in two 


Fig. 2—X Ray PuorocrarH SHowine Siac INCLUSIONS AND 
Gas Pockets 


Fig. 3—X Ray PHoroararH SHOWING Porosity IN A BARE WIRE 
WELD 


ways: first, by the use of gamma rays, and second, by the use of 
X ray apparatus. As X ray apparatus was less costly and more 
readily handled, this has been the universally adopted method 
for the non-destructive test. 

The A.S.M.E. Code as published at present specifies that for 
plates of a thickness of 3 in. or less, every portion of all longitudi- 
nal and circumferential welded joints of the structures shall be 
radiographed by sufficiently powerful X ray apparatus under a 
technique which will determine quantitatively the size of the 
defect with a thickness greater than 2 per cent of the thickness of 
the base plate; the X ray films to be submitted to an authorized 
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inspector. Drums or shells of a wall thickness of over 3 in. need 
not be X rayed until such time as evidence is submitted to the 
Boiler Code Committee that X ray or similar means are developed 
that can be commercially applied to greater thickness. The 
manufacturer shall demonstrate his ability to produce sound 
welds in boiler drums or shells of a thickness not less than 21% in., 
the joints of which are X rayed, in order to be permitted to con- 
struct boiler shells or drums with a shell thickness over 3 in. 
without X ray examination. 

The limiting thickness of 3 in. was imposed at the time the 
code was adopted when commercial installations of X ray equip- 
ment were .operating at a maximum tube voltage of 200 
ky. Since then, however, several X ray installations have been 
placed in operation with tubes capable of withstanding an applied 
voltage of 300 kv, which permits X ray examinations of thick- 
nesses of 4 to 41% in., and without doubt the Boiler Code will 
shortly increase the requirements so that all plates up to 414 in. 
must be subjected to X ray examination. 

The Boiler Code also publishes reproductions of radiographs 
showing porosity and other defects which allow the determination 
of acceptable and non-acceptable welds. The code limits the 
serious defects in a welded joint by stating that a radiograph 
showing a defect, such as slag inclusions or a cavity, whose 
length exceeds 1/3 T (where T is thickness of joint) and where 
these defects are not separated from each other by at least 2 T, 
shall be non-aceeptable. It further states that in ease of such 
flaws being found they shall be removed and the joint rewelded 
and re-X rayed. The description of the technique employed must 
always be submitted with the radiograph to the inspector and 
this description must give the following information: 


. Thickness of the plate. 

. Distance of the film from the rear of the joint. 
Distance of the film from the source of X rays. 
The voltage impressed on the tube. 

. The current flowing through the tube. 

The time of exposure. 

. The type of film used. 

. The type of intensifying screens. 


A further requirement is that reference markers shall be placed 
along the seams to be X rayed. These markers must be accurately 
and permanently stamped on the outside surface of the drum or 
shell near the weld so that a defect appearing on the X ray film 
can be accurately located in the actual X rayed joints. 

The code specifies that a monitor strip 2 per cent of the thick- 
ness of the plate to be inspected shall be used for each X ray film. 
In other words, if sufficient penetration is obtained to reveal the 
monitor strip which is placed on the boiler plate alongside the 
weld, the film complies with the code requirements. This monitor 
strip is used as a gage for determining the intensity of the defects. 
However, except where the reinforcement has been removed, it is 
apparent that a greater thickness has to be penetrated to reveal 
the defects in the weld proper than is necessary to reveal the moni- 
tor plate. In other words, on a 2-in. thick boiler plate the monitor 
strip will be 4/100th of an in. in thickness while the actual weld 
thickness would be approximately 214 in. including the rein- 
forcement. Since the exposure time is a logarithmic function of 
the plate thickness to be penetrated, we see that with a given 
voltage and current applied to the X ray tube the weld proper will 
require an exposure twice as long as that required by the plate to 
obtain the same film or to detect defects in the same intensity. 
In other words, when the picture is taken in compliance with the 
present code, the exposure specified by the outside monitor piece 
is only about 50 per cent of that necessary to penetrate the weld 
proper adequately. For this reason it is very probable that a new 
type of gage will be adopted for determining the depths of defects. 

Several studies have been made into the effect on the technique 
of welding, of the distances from the target to the weld and from 
the weld to the film. Since the image obtained on X ray films is a 
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projection whose source is the focal spot of the target, the rela- 
tions give a clear picture of the conditions involved. It is readily 
seen that since the focal point is not a combined source; sharper 
definition will be obtained with greater target to weld distance. 
Also the closer the film is to be to the object, the sharper will be 
the definition and the less the magnification of the defects shown 
on the film. However, since exposure time places a practical 
limit on the target to weld distance, a certain degree of sharpness 
must be sacrificed. The amount of distortion of defects with the 
target the same distance from the film increases the distortion of 
other defects on the target side of thick plates. Therefore, it is 
becoming necessary to make a table specifying the distance of a 
target from the plate on different thicknesses of material, and 
also to specify the distance from the front side of the plate to the 
film. The distance from the target to the film that seems from 
experience to be the most acceptable, is to vary 14 in. on plates 
from 1 in. up to 36 in. for plates 4 in. thick, and to require that a 
distance from the back of the weld to the film be held constant 
with a maximum of lin. This procedure will limit the maximum 
distortion of the edge of images from approximately 1.07 on 1 in. 
material to approximately 1.156 on 4 in. material. 

With the above limitations as to the locations of material to be 
Xrayed and the films, no trouble is encountered in the X raying of 


Fie. 4—X Ray Puotoerapx SHOWING EXCELLENT WELD OF 214 
In. PLATE 


welded seams with respect to detecting cracks, incomplete fusion, 
elongated slag pits or other similar defects, such as elongated, 
closely-connected voids along the wall of a joint. Permissible 
and non-permissible defects of this type may easily be de- 
scribed quantitatively and the present limit of 44 of the thickness 
for these slag inclusions or cavities is satisfactory. So far it has 
been impossible to devise quantitatively the degree of porosity 
(defects in metal strueture due to gas bubbles or slag inclusions) 
as shown on radiographs to limit satisfactorily the acceptable 
porosity in welds. 

However, consideration is being given to this problem and there 
is no doubt that satisfactory standards will soon be adopted es- 
tablishing more definite classification of allowable porosity and 
size and location of flaws, if they exist. 

D. S. Jacobus: The authors of the paper should be congratu- 
lated on the successful outcome of their pioneer work in using 
high pressure steam for central power plant service. It required 
courage to install the first unit for 1,200 lb working pressure. 
There were many ideas in regard to the best form of boiler to use 
for the purpose. A drumless forced circulation boiler was con- 
sidered, such as the so-called series boiler on which experiments 
extending over a number of years had been made by the writer’s 
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company. Various forms of natural circulation boilers were also 
considered. That the choice made was a good one has been 
shown by the results secured and the great number of high pres- 
sure boilers built along similar lines which are now in service. 


It is easier to look back on accomplishments than to start at 
the beginning and overcome difficulties that may arise. There 
were many features to consider. At the time the first unit was 
ordered no means had been developed for determining the water 
level. Mr. Moultrop will remember the comments that this 
feature caused when it was discussed informally at one of the 
meetings of the Boiler Code Committee, as it seemed out of line 
to proceed before such an important question had been solved. 
Mr. Moultrop was convineed that high pressures would eventu- 
ally be used and had the spirit of a true pioneer in proceeding with 
the development with the knowledge that certain features would 
have to be worked out and that there might be unforeseen diffi- 
culties. 


A number of devices were suggested and tried for measuring 
the water level. After a painstaking investigation a water gauge 
glass was developed which met the conditions. The first boiler 
operated successfully from the start. There were certain minor 
troubles which were remedied but nothing of a fundamental 
character. In the boilers which followed there were further 
developments such as in the use of water-cooled furnace walls 
connected to the boiler circulation. The success of these boilers 
makes it seem that there is no particular reason from an operating 
standpoint why boilers of other types than those employing a 
natural circulation need be developed for the pressures and con- 
ditions under which they are used in central station practise. 


The high head boiler shown in Fig. 10 was designed some time 
ago with an oil fired furnace for a high steaming capacity per 
section. In some later developments for pulverized coal firing it 
was found that a two-pass arrangement with the superheater and 
reheater in the first upward pass could be used to advantage. 

It is stated in the paper that the series boiler may have possi- 
bilities that we do not realize at this time. The late Mr. Frederick 
Sargent was much interested in experiments which the writer’s 
company made on this type of boiler, which began in 1916, and 
was convinced that there were possibilities of using a boiler of 
this type for power plant service, notwithstanding the care and 
skill required to operate it and certain untried and unsolved fea- 
tures. We coined the word ‘‘series boiler’’ to cover the arrange- 
ments that we tested, the first of which was a once-through 
forced circulation boiler with no steam and water drum, the 
second a forced circulation boiler with a reservoir into which the 
steam and water from the boiler passed before conducting the 
steam to the superheater section, and the third a forced circula- 
tion boiler used in connection with a natural circulation unit. 
Water was re-circulated through the boiler in most of the tests 
made on the second arrangement with the reservoir and in others 
the conditions were made such that no water accumulated in the 
reservoir in which case it served simply as a mixing chamber. 
The forced circulation boiler used in connection with the natural 
circulation unit was the forerunner of the so-called Calumet boiler 
and economizer arrangement, which has been largely used, and 
represented the type of installation that our experiments had 
shown to be the easiest to operate. Of the three arrangements 
first tested the once-through boiler with no steam and water 
drum was the hardest to operate. Tests of different forms of series 
boilers followed which finally led to the boiler installed at Purdue 
University, shown in Fig. 7 of the paper, and the automatic con- 
trol supplied with this boiler which overcomes the operating diffi- 
eulties experienced in the once-through series boilers first tested. 
With a boiler of this type all of the impurities in the feedwater 
pass from the boiler along with the steam, whereas in the Calu- 
met arrangement and where the steam and water are conducted 
to a reservoir and some of the water is recirculated, clean steam 
may be secured with impure feedwater. This feature is referred 
to as it has assumed great importance in connection with central 
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power plant service where we are called on to supply clean steam, 
and where in many cases washing the steam by water of a greater 
purity than contained in the boiler is resorted to. Features of 
this sort must be considered before installing a series boiler for 
central power plant service, in the same way that features that 
might give trouble had to be considered by Mr. Moultrop before 
installing his first high pressure boiler. 


If the steam pressure approaches so closely to the critical that 
a natural circulation boiler cannot be used, a boiler of the series 
type would have to be employed. There are also certain special 
conditions involving the use of boilers of a minimum weight and 
height where a series boiler could be used to advantage. 


Mention is made in the paper of regulating the temperature of 
superheated steam. This becomes more and more important as 
the temperature of the steam is increased. There are a number of 
ways in which this can be and has been done. At the South 
Amboy Station, of which a side view is shown at A in Fig. 9, the 
temperature of both the primary steam and the reheated steam is 
regulated and there is no reason why this should not be done in 
any case when so desired. 


As stated in the paper, welded boiler drums are now developed 
that will probably become more generally used in the future and 
should result in lowering the unit cost of the steam generating 
units. All of the steam and water drums for boilers that have 
been built by the writer’s company for working pressures of about 
1,400 lb have been of seamless forged construction, nearly all 
being made of steel having a minimum tensile strength of 75,000 
lb per sq in. in accordance with the specifications given in the 
A.S.M.E. Boiler Code. The rules for fusion welding in the 
A.S.M.E. Boiler Code do not cover the welding of steel of as high 
a tensile strength as this. The art of fusion welding is advancing 
rapidly and has been developed for safely welding steels of the 
higher tensile strengths; additional provisions will no doubt be 
included in the Boiler Code when the proper specifications and 
rules for safeguarding the constructions are available. A number 
are working actively on this problem, as well as on other features 
of fusion welding. It is believed by those best qualified to pass 
judgment that eventually fusion welding will be developed to a 
point where the highest quality will be used under the same rules 
as for solid plate, with no deduction for the strength of.the weld, 
but each step must be based on scientific evidence and fact and 
the progress in formulating and adopting rules of the sort must 
necessarily be slow in order to insure safety. 

G. A. Orrok: The authors of this paper have presented a his- 
tory of high pressures and temperatures illustrated with examples 
of the most interesting of the American plants and we may note 
here the development of both the boiler and the turbine as applied 
to the high pressure plants in this country. It will be noticed 
that most of the development has been done with the usual design 
of straight tube and bent tube boilers, Fig. 10 alone being a de- 
parture and this only in a small measure from the standard types 
of construction. 

In Europe, however, the attempts toward high pressures have 
led designers and constructors to the indirect as well as the series 
boiler. There are quite a number of the Schmidt indirect boilers 
in actual operation at pressures from 600 to 1,500 Ib also the 
Loeffler boilers of which 7 or 8 boilers are in service at about 1,800 
lb pressure with what is probably the highest commercial tem-. 
perature of superheat, 932 deg. Besides these boilers we have 
the Sulzer single tube type which has just been introduced and the 
new boilers of the Atmos type with the revolving elements which 
are being experimented with in quite a number of places in 
Europe. Perhaps the most interesting developments of the 
European high pressure boilers is the velox boiler of the Brown 
Boveri Co. of which two units have been built and three more are 
under construction. The work of Escher Wyss and Company and 
Brown Boveri in the high pressure turbine field up to 2,800 lb 
pressure has been illustrated many times and these units are in 
daily operation. The question of centrifugal feed pumps seems 
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to have been solved, one of the most satisfactory arrangements 
being that at Langerbrugge where thé full steam pressure is used 
in the feed pump unit. 


In general, it would appear that the costs of these high pres- 
sure stations do not exceed low pressure stations of about the 
same rank of economy or at the best, the differences do not ex- 
ceed 5 to 10 dollars per kilowatt of prime cost. 


In September 1930, before the British Association for the 
Advancement of Science in a paper on this same subject I showed 
some curves of the attainable use of heat per kilowatt hour sent 
out which are somewhat similar to those shown in Fig. 3 and on 
this plot I spotted a few of the annual station records which have 
come to my knowledge in the last few years as showing how 
closely our modern stations come to what might be considered as 
the standard of efficiency. This illustration (Fig. 5 of this dis- 
cussion) shows the attainable curves as well as the median line 
drawn through the station record points. The study of some of 
the points will show that in a number of cases the modern stations 
with good load factor have exceeded what I term my ideal case, 
while in much of the earlier work the influence of low load factor 
is much more marked. 
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We probably are still far from the point where we may pick 
out the ideal pressure and temperature which will give the best 
results over a wide field and I am personally inclined to believe 
that for a given load factor the optimum working pressure will 
probably not exceed 1,800 or 2,000 lb, while it is most probable 
that at smailer load factors lower pressures, 600 to 900 lb, with- 
out the use of reheat might lead to equally good commercial 
results. Meanwhile, the trend apparently is toward individual 
units with little cross connection and the best returns are always 
to be obtained in those stations in which the load factor is large 
and the loads are comparatively steady. 


F. A. Scheffler: It does not seem possible that in 1884, when 
the writer first entered the boiler business, that practically all of 
the stationary boilers, principally horizontal tubular, portable, 
and vertical, were constructed in the most haphazard way and 
insured by reputable boiler insurance companies. 


Rivet holes that did not coincide within an eighth of an inch— 
and sometimes more—were easily corrected by a drift pin, and 
the rivet driven home. This was not good boiler practise but it 
was permitted universally by the largest boiler manufacturers. 
One or two such firms did so much business, that, as they gave 
an insurance policy for one year free with each boiler, it was nec- 
essary to keep a resident inspector at the plant all of the time. 
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How was this inspection carried out and on what kind of a 
test was the policy given? On nothing more nor less than a 
hydrostatie cold water test—150 Ib for 100 lb boiler pressure. 
If the boiler was tight at that test pressure, it was suitable and 
the boiler passed. on and shipped to its destination, the certificate 
being sent by mail when countersigned by the home office of the 
insurance company. This does not intend to imply that the 
insurance company did not make strenuous endeavors to improve 
this horrible practise of riveting. After I had been at the plant 
about two months the vice president of the insurance company 
had a private conversation with me and described his past failures 
so that the manufacturers would realize that certain practises and 
methods of “‘laying”’ out sheets for punching should be changed 
and improved. He asked my cooperation, which I gladly gave 
him, but it required considerable time, diplomacy and some ex- 
pense, to correct these troubles. 


The very excellent work of the A.S.M.E. Boiler Code Com- 
mittee and acceptance of the code by the States generally, has 
eliminated the careless and indifferent practise heretofore carried 
on. We now have, as further improvement in boiler construction, 
welded drums, and accessories, and in addition, satisfactory X 
and other rays for determining how perfect the weld is. 


Credit should be given to the manufacturers for the wonderful 
research work they have carried on for several years in develop- 
ing the welding art with all that that implies, to the present state 
of perfection. 


A.A. Potter: The following information concerning the series 
steam generator at Purdue University may prove of interest: 

The steam generator illustrated in Fig. 7a was designed and 
built for Purdue University by the Babcock and Wilcox Company 
It consists of a cylindrical water-cooled furnace placed immedi- 
ately beneath a counter-flow economizer or convection section. 
There is no steam drum and the water which enters this steam 
generator passes through a continuous coil and leaves it as super- 
heated steam. Outlet pressures of 3,600 lb per sq in. have been 
carried on this unit. By varying the ratio of fuel to water at a 
given flow rate the unit will discharge anything from warm water 
to superheated steam at 830 deg F. The feed water is delivered to 
the top of the convection section, where it is divided into two 
parallel circuits of equal length and flows downward counter- 
current to the direction of the gas flow. The water as it leaves the 
two parallel circuits at the bottom of the convection section is 
carried to the bottom of the furnace coils by a single downecomer 
orequalizer. A sensitive automatic control system was developed 
by the Bailey Meter Company for the Purdue University unit, 
which is based on the thyratron tube as the source of power for 
the elements which regulate the supply of fuel, air and water. 

Oil is used as fuel for this experimental unit, which was de- 
signed to deliver about 6,000 lb of steam and to operate at pres- 
sures of 1,000 to 3,600 lb per sq in. at the outlet, although at the 
lower pressures the friction loss is excessive on account of the 
small tubes used. 

Selector switches are provided on the control panel so that the 
steam generator may be operated on manual control, automatic 
control, or a combination. The unit has been controlled auto- 
matically at outlet pressures varying from 1,500 to 3,527 Ib per 
sq in., at final temperatures up to 830 deg F, and under rapid load 
changes equal to the entire range of the feed pump motor. The 
effectiveness of the automatic-control system increases with the 
pressure since, at the higher pressures, the specific volume of the 
steam is affected less by changes in temperature than at lower 
pressures. Normally, about 40 minutes is taken to bring the 
cold boiler up to operating conditions and to put it on automatie 
control, although this can be done by one man in about 20 
minutes. 

In a paper which was presented before the American Society 
of Mechanical Engineers on December 1, 1931, reports were 
given concerning the characteristics of the Purdue University 
series steam generator when operating at a variety of capacities, 
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pressures and final steam temperatures. The behavior of the 
unit on a swinging load under automatic control was also demon- 
strated. These preliminary tests indicated that the efficiency of 
this steam generator varied between 60 and 70 per cent with a 
water evaporating capacity of 2,000 to 4,280 lb per hour and an 
outlet pressure range of 2,507 to 3,527 lb per sq in. Higher 
boiler efficiencies cannot be expected from an experimental unit 
of this type and size having a short, single pass convection section 
and a very high stock temperature. In a commercial installa- 
tion this type of steam generator undoubtedly would be equipped 
with air heaters. 

Since the preliminary results were presented before the 
A.S.M.B. the following studies have been undertaken: 


1. Tests have been earried on with variable amounts of excess 
air and constant fuel input to determine the effect of furnace 
conditions on heat transfer rates. 


2. Effect of fineness of atomization on the performance and 
heat transfer notes have been studied. 


3. The limitations and practicability of the automatic control 
system have been investigated. 


4. A special type of condensing calorimeter has been developed 
and was calibrated at temperatures up to 900 deg F and at pres- 
sures up to 3,500 lb per sq in. In a paper presented before the 
A.S.M.E. in December 1932, results of the measurement of en- 
tropy by the use of this calorimeter were reported. These 
included pressures varying from 1,900 to 3,500 lb per sq in. and 
temperatures of 709 to 780 deg F. 


5. The laws governing fluid friction of steam at pressures up to 
3,500 lb per sq in. and temperatures up to 830 deg F are now being 
investigated. Inasmuch as the film coefficient of heat transmis- 
sion at the inner surface of a boiler tubeis a function of the sur- 
face friction, the determination of the head loss should also supply 
fundamental data of use in calculating the temperature gradient 
from the outside surface of the tube to the fluid within the tube, 
when subjected to high rates of heat transfer. The determination 
of the head loss and the fluid film coefficient of heat transmission 
are of major importance in the design of high pressure forced 
circulation boilers. Viscosity of steam at a variety of pressures 
is a part of this study. 

The investigations completed and those now in progress indi- 
cate that the series steam boiler is practical for a variety of pres- 
sures if equipped with a sensitive automatic control system. 
It is hoped that the studies now under way on fluid friction will 
result in new information of value to designers of this type of 
steam generator. 


Suggestions will be appreciated concerning studies which should 
be undertaken at high pressures and of direct value to industry. 


G. G. Post: To decrease investment costs of power plant 
equipment and, if possible, to improve present high reliability 
and efficiency standards seems to be the major challenge to engi- 
neers. Efficiency gains from exceeding 1,200 lb pressure are 
slight, as the authors show, because of rapidly increasing feed- 
pumping costs and steadily decreasing energy gains. It seems 
that the industry will gain most by reducing first costs through 
standardizing on a top pressure and advancing only slowly into 
higher temperature fields where extremely expensive metals and 
equipment are necessitated. Since October 1926, 1,200 lb pres- 
sure has been used at Lakeside with creditable performance. 
Availability has been consistently high. During the past year 
the four high pressure boilers had a combined availability factor 
of 93.7 per cent and the four high pressure turbines had 96.9 
per cent availability. Each boiler-turbine unit averaged 22 
starts and stops per month. Maintenance costs have been no 
higher on the 1,200 lb equipment than on the 300 lb. In 1931, 
65c. per boiler per hour of operation was spent on maintenance 
for the four high pressure boilers. The amount would be reduced’ 
to 18.1e. per boiler per hour if the charge for changing the design 
of radiant superheater elements from the square to the round 
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section in the original boiler were eliminated. Low heat release 
furnaces with steam and water cooled walls are the major reasons 
for these low maintenance costs. 

The authors speak of the control of steam temperatures leav- 
ing superheaters and reheaters as a problem yet to be solved. 
Combination convection and radiant superheater and reheater 
surfaces offer a solution which will automatically control steam 
temperatures and maintain them almost uniform for loads vary- 
ing from full to quarter. There is no need of separate reheat 
boilers, unreliable desuperheaters, nor partially effective me- 
chanical dampers with this arrangement. Reheat in the same 
single boiler-unit in which the steam is originally generated 
obviates the necessity for proportioning steam to reheaters. 
Simplicity of operation as well as safety are major merits of the 
design mentioned. Reheat, as practised at Milwaukee, intro- 
duces minimum complications into the cycle. Operating per- 
formance at Lakeside offers absolute proof that it is not necessary 
to go to the series boiler-unit to find the answer for superheat 
control at higher temperatures. 


Investment studies have shown that 1,200-lb equipment at 
Lakeside actually costs but $5.64 per kilowatt more than 300-lb 
equipment of equal generating capacity. A comparison of 
operating statistics with those of a new and modern 300-lb plant 
running under identical load conditions shows an actual fuel 
saving of 15.2 per cent for 1,200 Ib over 300 lb. With coal at 
$4.00 per ton, or 64,000 Btu for Ic., it can readily be seen through 
reference to the authors’ Fig. 6 that 1,200-Ib equipment has 
netted a handsome profit. 

Six years of operating experience with 1,200-lb equipment 
confirms the authors’ statement that there seems to be no justi- 
fication for spare steam producing units in a station, and that 
stations built in the future can be expected to have firm boiler 
capacity closely matching the full load steam requirements of 
the turbine-generator units. The Port Washington station is 
being built on this basis. It will initially have an 80,000-kw 
turbo generator using 1,230 lb gage steam pressure and 825 deg F 
steam temperature at the throttle and 825 deg F at the reheat 
point, and the single boiler will have a capacity equal to the 
turbine capacity at 90 per cent power factor, or 85,000 kw. Ex- 
tensions are planned on the same basis. 


Exception is taken to the statement concerning the progress 
made in the development of the multiple-drum bent-tube boiler 
from the first one installed in the Lakeside station in Milwaukee 
to the latest ones installed in the River Rouge Plant of the Ford 
Motor Company in Detroit. That the Ford Company instalia- 
tion represents progress is questioned. The layout at the Ford 
Plant was dictated by limitations imposed by having to install 
the equipment in an existing building, and for such limitations 
only, the design adopted by the Ford Company may be economi- 
cally justified. When there are no such limitations it has been 
found that the three-drum bent-tube design fired from one side 
only, having boiler and not steam reheating, and with heat 
reclaiming equipment direcly behind the boiler, induced draft 
fans at or near the ground line, and a stack on the ground, is by 
far the most attractive from both an investment and an operating 
standpoint. Faith in this arrangement again is demonstrated 
at Port Washington where a design very similar to the original 
Lakeside high pressure design was found best. The W design 
Ford boiler with its heavy attendant supporting steel and a 
duplication of certain operating personnel, is not an improvement 
over the single sided design. Steam reheat, rather than boiler 
reheat, is considered a step backward. 

In a 1,200-lb cycle, it is not necessary to pump water at 440 deg 
as mentioned by the authors, for the high pressure boiler feed - 
pumps can readily be placed in the cycle ahead of the extraction 
heaters: The pumps can then take water at about 200 deg F 
and force it through the heaters at the higher pressure. Besides 
the advantage of handling low temperature water at a fairly 
constant temperature level, this plan requires approximately 


642 


15 per cent less pumping energy because of the higher density of 
200 deg water. 

G.L. Knight: The writer heartily endorses what the authors 
say about our duty to design for the highest dollar efficiency. 
However, there is a side to this question of power house design 
which must not be lost sight of. If additional generating ca- 
pacity is necessary at a definite time, it may be necessary to be 
more conservative in our engineering than if, on the other hand, 
there is available time for experimenting with and working out 
the problems in installation. 

By the same token if pioneer equipment has to be installed 
considerably ahead of the time it can be made assuredly reliable, 
then the interest charges during such an interval must be placed 
as a debit against the new design. Furthermore, where a station 
has been developed along certain definite lines for a considerable 
period, and experience has taught designers and operators how 
to make conservative designs even more reliable, it may be and 
usually is the part of wisdom to complete the station with similar 
equipment. This has been the case with the Hudson Avenue 
Station in Brooklyn, where 320,000 kw of capacity has been 
added during the past year at the same pressure and temperature 
as previously installed. The results, we believe, have justified 
the judgment exercised since the station has operated for the 
year 1932 at the average heat rate of 13,990 with a best month of 
13,320 Btu per kilowatt hour. 

Two 160,000-kw, 400-lb units, one placed in commercial opera- 
tion in January and the other in May, have turned out approxi- 
mately 1,000,000,000 kwhr of the 1,600,000,000 kwhr generated 
at Hudson Avenue during the year, or 1.3 per cent of the total 
utility generation in the country for 1932. 

If I were to be concerned with the design of a new station today 
for the Metropolitan area, I would seriously consider 200,000-kw 
units at 1,200-lb, and 1,000 deg temperature, and at this tem- 
perature the reheat cycle can be eliminated in the interests of 
simplification without material sacrifice in economy. Such a 
station would be made as simple as possible with one boiler per 
turbine and practically no cross connections or duplication of 
auxiliaries. As part of a system having installed generating 
capacity of two and one-half million kilowatts, I believe suffi- 
cient savings in capital additions could be made by such simplifi- 
cation as would offset extra charges due to occasional necessary 
outages of such complete units, even though they were the most 
efficient on the system for a considerable period after their 
installation. 

R. C. Powell: Messrs. Engle and Moultrop have given very 
clearly and concisely the present status of high pressure and 
temperature steam plant design. 

As one who has had experience in the design of both moderate 
(450 lb) and high (1,350 lb) pressure plants, the writer wishes 
to confirm the statements given in the paper relative to the costs 
as affected by pressure. It is true that the costs are influenced to 
a much greater extent by the general design than by pressure, 
and the writer believes that on the whole increasing pressure up 
to 1,350 lb has a favorable effect upon costs. It is difficult to 
compare precisely the costs of plants since no two plants are 
sufficiently similar in design. The cost per kilowatt for two 
50,000 kw vertical compound units with three boilers operating 
at 1,250 lb throttle pressure, 750 deg F with 750 deg F reheat 
was appreciably less than that for either of two 450 lb, 700 deg F 
plants each consisting of one 37,500-kw unit and two boilers. 
The cost for the 450-lb plants did not exceed $70 per kw which 
confirms the statement of the authors that increased efficiency 
has been obtained along with lower investment cost. The larger 
size of units for the higher pressure and the installation of two 
instead of one unit had, of course, a favorable effect upon cost 
which further confirms the statement that design and other 
factors may have more influence than pressure. 

The actual gain in fuel economy for the higher pressure and 
somewhat higher temperature is of the order of 15 per cent. 
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In any consideration of the best pressure and temperature, 
the fact should not be overlooked that 1,250 lb pressure and 825 
deg F with 825 deg F reheat is an established success a 
any moderate pressure, say 450 lb with temperature sufficiently 
high to even approach the efficiency of the higher pressure is still 
in the experimental stage. The writer agrees fully with the state-— 
ment that temperature control is absolutely essential to suecess= 
ful and safe operation with high temperatures. 

It appears to the writer that the economics are all in favor of 
higher pressure. There is no reason to assume that if high tem-— 
perature, say 1,000 to 1,200 deg F, is successful at 450 or 650 lb — 
it will not be so for 1,250 lb with a considerable gain in efficiency. 
It is not a difficult or expensive matter to increase the steam 
temperature with existing boilers, but nothing remains except 
complete abandonment if higher pressure is to be obtained. 
Hence, existing 1,250-lb plants may be changed for higher tem- 
peratures when they arrive. This will have a very favorable 
effect upon obsolescence which in the writer’s opinion may be 
one of the serious problems of the future. It is certainly a prob- 
lem now to many industries which at one time appeared as secure 
as the power industry at present. 

Another advantage of high pressure not brought out by the 
authors, is the improvement in operating flexibility. The two 
years experience at Station A in San Francisco has fully 
demonstrated the operating advantage of 1,250 lb as against 
450 lb. A number of load dumping and fast pick-up tests have 
been made. A load of 65,000 kw which is the maximum con- 
tinuous rating for each of the units has been dumped a number of 
times with no ease of tripping on overspeed. The load on each 
unit has been increased from 10,000 kw to 50,000 kw in 34 seconds 
with no carry-over and with very little disturbance to primary 
superheat or reheat temperatures. The reheat temperature is 
automatically controlled. The drum water level is automatically 
carried about 2 in. lower at light load and this is just about the 
swell when the load is suddenly applied to the boiler. 


Fears regarding reheat complication either in design or opera- 
tion are not well founded. 

In every respect the use of high pressure at Station A, which 
is operated not on base load but as auxiliary to a large water 
power and transmission system, has exceeded expectations and 
the writer agrees with the authors’ conclusions that future plants 
will have better efficiencies at lower costs and in addition better 
operating characteristics. 

Wm. S. Monroe: About 10 years ago after our first 600-lb 
pressure plants had been laid out and we first began to make 
studies for a practical installation at 1,200-lb pressure, the esti- 
mates of cost for equipment indicated such an increase over that 
for 600 lb as to make the economic value of the higher pressure 
very doubtful. But the advances of the art have changed this 
condition, especially the improvements in boiler design for the 
higher pressure, and the improvements in the technique of boiler 
construction have so reduced the costs of the higher pressure 
boilers that our studies for the 150,000-kw State Line Unit No. 2 
indicated that the cost of the 1,200-lb installation for a unit of 
that size would be little, if any, more than for a 600-lb plant. 

There are many factors that tend to make the higher pressure 
plant less expensive. It is really the temperature that is the 
governing feature today, rather than the pressure. The 1,200-lb 
design enables reheating to be done at a higher pressure and 
carried to a higher temperature. The improvement in heat rate 
is about 8 per cent at 1,200 lb over 600 lb with 825 deg F initial 
temperature in both cases when full advantage is taken to reheat 
to 825 deg F at the most efficient pressure, with, of course, extrac- 
tion for feed heating. 

1. So far as the turbine is concerned, the higher pressure unit 
in a large size will probably be cheaper. 

2. In the boiler plant, while the actual cost of the high pressure 
parts is somewhat higher for 1,200 lb, owing to the decreased 
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heat rate per kwhr, the cost of the complete boiler unit, in- 
eluding auxiliary equipment, is not greatly affected. 

3. As the specific volume of the steam at 1,200 lb is about half 
that at 600 lb at the same total temperature, the high pressure 
pipe sizes are reduced in the ratio of about 1 to 1.4 in diameter, 
and often one pipe can be used in place of two that would be 
required for large units at 600 lb. The result is that the cost of 
piping for a large 1,200-lb unit is not increased at all and may 
be even less. 

4. The auxiliary power, generally speaking, is decreased in the 
ratio of the decreased heat rate with the exception of the boiler 
feed pump, but when a reciprocating pump is used, the increased 
efficiency over that of the centrifugal pump more than covers 
the extra fixed charges due to the cost. 

Though the throttle pressure is practically doubled, the safety 
valve pressure is increased in the ratio of about 1.75 to 1, and the 
boiler feed pump pressure to about 1.6 to 1. However, the pump 
efficiency is increased in the ratio of about 1.3 to 1 and the amount 
of water pumped decreased by about 1 to 1.2, consequently the 

. ah 1.6 
boiler feed pump power is increased by cae a 
about 3 per cent, therefore practically no increase in total 
auxiliary power is expected. As against this, of course, the 
reciprocating feed pump is more expensive than the centrifugal, 
but not prohibitively so. 

W. I. Slichter: At a recent meeting of the newly formed 
Institute of Public Engineering a session was devoted to costs of 
distribution. The representatives of the public service com- 
mission brought out data to-prove that the cost of distribution 
could be brought down to 3 to4 cents perkwhr. The representa- 
tives of the operating companies gave data to show that the cost 
could legitimately be as high as 9 to 10 cents per kwhr. This 
gives a mean of about 7 cents per kwhr. Now it is well recog- 
nized that the costs of generation at the power house range from 
0.3 cent to 1 cent with a mean of about 0.7 cent. This raises the 
question whether, if a given amount of capital is available for 
improvement, it should not be spent on the distribution system 
where each gain of 1 per cent in efficiency will save 10 times as 
much in the actual cost of energy delivered as would 1 per cent 

gain in efficiency in the power house. In other words, would not 
the companies be wise to allocate 10 times as much eapital to the 
distribution system as to the generating system? 

Glenn B. Warren: The challenge which Mr. Moultrop gives 
to engineers is indeed one which should be carefully considered 

‘and be taken up, but it seems to me that in this connection there 
still is a greater challenge which the success of this high pressure 
development and the success of the mercury vapor process have 
issued, not only to engineers, but to the electrical utilities and to 
industry in general. This challenge is the opportunity which the 
successful development of the high pressure process and the 
mereury vapor process presents of combining plants capable of 
supplying jointly the electrical demands of the utilities, and the 
heat and electrical demands of industries, with resultant greatly 
reduced fuel consumption. 

Of course, it will never be possible to secure such coordination 
of power and heat demand as to obtain complete utilization of all 
the opportunities presented for such savings. The relation in 
magnitude and time between the heat and power loads of the 
industries and the power loads of the utilities will never permit 
of perfect coordination. Each individual case must be considered 
on its merits, and the new equipment required can generally be 
justified economically only when there is a demand for the extra 
capacity which it produces. 

On the other hand, an associate of mine recently made an 
estimate which showed that if all the industrial back pressure 
and bleeder turbines manufactured in each of the years 1927 to 
1929 inclusive had been built for 1,200 lb initial pressure instead 
of the 200 to 400 lb pressure which they were built for and ar- 
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ranged to supply the same heat, these turbines would have had 
an aggregate capacity over and above what they did have 
equivalent to about one-fifth of all the condensing turbines 
manufactured in the respective years. Such installations would 
have been able to produce power on a net additional fuel con- 
sumption chargeable to power of about 4,000 Btu per kilowatt 
hour. Similarly, an extension of this investigation indicated that 
if all of these turbines which were installed to supply heating 
steam had been of the mereury vapor process type and as before 
arranged to supply the same demand for heat, these installa- 
tions would have had an aggregate capacity over and above what 
they did have equivalent to almost one-half of that of all the 
condensing turbines manufactured in the respective years. These 
also would have produced power at a net additional expenditure 
of heat chargeable to power of 4,000 Btu per kilowatt hour. 
As it was, this amount of capacity was installed during these 
years in condensing turbines having a heat consumption of more 
than three times this amount. In other words, industry is 
providing us with a heat sump into which we can discharge our 
waste heat profitably instead of discharging it into the rivers, 
but we are not now utilizing this sump. 

The successful utilization of this opportunity requires a con- 
siderable degree of cooperation and coordination between the 
utilities and the industries, inasmuch as the utilization of high 
pressure or mereury vapor in connection with industrial heat 
almost always results in more power available than can be used 
by the industry itself. Interconnections between the utilities 
and the industries will have to be made, and earefully considered 
contracts worked out. There are a few pioneers in this direction 
now; a number of jointly operated plants have been built and 
some are in operation. It seems that this offers an opportunity 
for us as engineers to assist in taking steps that will have a 
greater effect upon the conservation of resources and reduction 
of costs than almost any other line of endeavor we can now pursue 
in the power plant field. 

P. L. Alger: This paper stresses the importance of further 
improving the efficiency of large central stations. The possi- 
bilities yet open in this direction through the reduction of the 
power losses in the boilers, turbines, and generators may be 
brought out in an interesting light through consideration of Figs. 
3and6. These two figures indicate that for an average fuel cost 
of 6 million Btu per dollar, a reduction of 13 per cent in the station 
heat rate justifies an increased investment of $11 per kilowatt 
of capacity. ° 

The efficiencies of typical boilers, turbines, and alternators for 
75,000-kilowatt single-cylinder turbine units at the present time 
are approximately 85 per cent, 82 per cent, and 98 per cent 
respectively. The corresponding first costs of the equipment may 
roughly be taken as approximately $20, $8, and $4 per kilowatt 
of capacity. 

These figures indicate that, if all the losses in the boiler could 
be eliminated, making it 100 per cent efficient, it would be worth 
165 per cent of its present cost. Similarly, if the turbine could 
be made to have 100 per cent efficiency, it would be worth 
nearly 290 per cent of its present cost, and the alternator would 
be worth 140 per cent of its present cost. 


The conclusions to be drawn are that in all three items of 
equipment the increased value to be obtained from higher effi- 
ciency warrants intensive further study by designers, but that 
the greatest possibilities exist in the turbine. Especial weight 
should, therefore, be given to efficiency when the design and 
selection of a turbine are being considered. 

A. C. Flory: We note in Fig. 2 that the Edison Illuminating 
Company of Boston has reduced its coal consumption from 5.2 
lb per kwhr in 1892 to about 1.1 Ib per kwhr in 1932, or a reduc- 
tion of approximately 80 per cent. Alongside this figure the 
increase in steam pressures and temperatures is shown, being an 
increase from about 350 lb saturated steam to pressures of 1,300 
lb and 750 deg F. Of course, all of this reduction in coal rate is 
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not accounted for by the change in the steam cycle itself. 
Roughly, the higher thermal efficiency of the more recent cycles 
would account for approximately 50 per cent of the decrease in 
specific coal consumption. There is little mention made of the 
fact, that since 1892 much higher condenser vacuums are common 
and that turbine and boiler efficiencies have advanced con- 
siderably. It should also be borne in mind that with inter- 
connected stations and with more thought being given to the 
matter of flatter load curves, some advantage has been gained 
from that angle. 


A. H. Markwart: The conclusions of the authors agree with 
the experiences of the Pacific Gas and Electric Company. The 
decision of this company to install high pressure units at Station 
A was made after a careful study had shown that such units 
would cost no more than for moderate pressures and there would 
be a marked gain in efficiency. It was not believed that main- 
tenance and operating costs would be any higher and fo date this 
has been true. Thirty years’ experience with high head water 
power plants operating at pressures up to 1,000 lb has been 
excellent and indicated that some of the advantages of high head 
water power as against low head might hold for high pressure 
steam. This also has been confirmed by experience. 


It has been feared by some operating men that a high pressure 
plant which operates entirely to supplement a hydro supply 
would be too complicated and inflexible for such service. How- 
ever, experience has shown just the reverse to be true, and that a 
high pressure plant has marked advantages for such service. 


S. L. Pearce: Curves are given in the paper to show the 
reduction in heat rate with increase in initial steam temperature 
and pressure, respectively, these being based on the reheat cycle. 
In my Presidential Address to the Junior Institution of Engineers 
I gave curves of a somewhat similar nature in Fig. 1, which 
showed variation in adiabatic heat drop with variation in steam 
pressure and temperature, and these curves tended to point out 
conclusively that inerease in steam temperature gave a steady 
and almost constant increase in adiabatic heat drop, whereas 
increase in pressure did-not show the same steady increase, which 
pointed to the fact that increase in temperature was a more 
important factor than increase in pressure. 


The curves given in the paper do not appear to point out this 
factor so conclusively. For example, taking a constant pressure 
of 600 lb per sq in. the reduction in heat rate given by increasing 
the initial steam temperature from 750 deg F*to 1,000 deg F is 
about 81% per cent, whereas the increase in adiabatic heat drop 
given in my address for a similar variation is about 15 per cent. 
Again, assuming a constant steam temperature of 850 deg F, 
the reduction in heat drop by increasing the initial steam pres- 
sure from 600 lb per sq in. to 1,200 lb per sq in. is about 51% per 
cent, whereas the increase in adiabatic heat drop given in my 
address for a similar variation is about 5 per cent. 


It is appreciated that the two sets of figures cannot be strictly 
compared in that the problem is complicated very considerably 
according to the exact heat cycle adopted and the efficiency of the 
plant, yet one would have expected to have found a more general 
tendency to agreement than is demonstrated by Figs. 1, 2 and 3. 


The curves for improvement in non-reheat cycle stations by 
increasing the steam conditions from 600 lb per sq in. 850 deg F 
to 1,200 lb per sq in. 1,000 deg F show a reduction in heat rate 
of about 934 per cent. The increase in adiabatic heat drop be- 
tween these two conditions is, however, about 14 per cent. 

As pointed out above, the foregoing figures are not strictly 
comparable, but the main point is that the figures in the paper 
do not seem to illustrate so clearly the advantage of temperature 
as compared with pressure in improving thermal efficiency. 


I observe with interest the statement that: “Station designs 
in which one steam generating unit supplies all of the steam re- 
quired by one turbo generator unit are becoming more and more 
generally accepted as the most economical,’ but I cannot trace 
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having seen any convincing argument supported by compara- 
tive figures to prove this contention. 


I do not agree with the statement that the availability of steam 
generating units and turbo generating units is about the same, 
as our experience would appear to show that the outage time for ' 
boiler plants is considerably greater than for turbine units. — 
This is an argument against the suggestion of arranging the 
boiler plants individually for the turbine units. 


Reference is made to the control of the superheat temperature, — 
but it can be said that in England it has been found possible, by | 
arranging the superheater so that it derives its heat partly by © 
convection and partly by radiation, to obtain a very flat total 
temperature characteristic with variation in load. Variation in 
steam temperature with ‘‘dirtying up” of the boiler merely is a — 
question of making suitable arrangements for cleaning the super- 
heater surface and the surface of the boiler in front of the super- 
heater satisfactorily during operation. Properly designed soot 
blowers operated carefully with reference to the temperature 
indicating equipment provided on the boiler plant make it possi- 
ble to maintain a comparatively constant steam temperature. 


Charles H. Merz: We are very much in agreement with the 
statements in the paper as regards the increased efficiency — 
obtainable by higher superheat temperatures, and recognise that — 
there are greater possibilities in this direction than by further 
increase in pressure. Our figures for the advantage obtained from — 
higher pressures, however, seem to show rather lower savings, 
possibly due to greater allowances for the extra feed pump 
energy required and for the decrease in the average stage effi- 
ciency of the turbine as the pressure is increased. 

There is a strong tendency in England, at the present time, 
not to go beyond 600 lb per sq in. and it is interesting to know 
that the authors consider that the use of higher pressures would 
not necessarily increase the capital cost of the station. This 
must, of course, be due to the fact that in America the design of 
high pressure installations has been fairly well established, 
whereas in this country we should be faced with considerable 
extra development charges at the outset. 

We are just bringing into operation two new 600-lb pressure 
plants at Dunston on the northeast coast, and at Barking in the 
London area, the initial temperature in each case being 800 deg F. 
The former station has flue-gas reheat to the initial temperature. 
Judging from the contract prices it looks as if the adoption of 
reheat has had very little effect in increasing the capital cost 
when full allowance is made for the saving in steam consumption, 
and the consequent reduction in boiler and condensing plant. 

The question of obtaining the maximum capacity from a given 
turbine shell is mentioned in the paper. It is interesting to note 
that by the adoption of reheat to the initial temperature the 
maximum eapacity from the same turbine exhaust can be in- 
ereased by something like 20 per cent without increasing the 
percentage leaving loss. 

A. McKinstry: The desirability of utilizing higher steam 
pressures and temperatures together with interstage reheating 
and re-generative feed heating, has been appreciated by engineers 
for many years past and there has been a continued effort 
towards development in this direction. It is notable that the 
means adopted for attaining these ends has not been uniform 
throughout the world, the tendency in the United States being 
to utilize high pressures and moderate steam temperatures in the 
earlier schemes, while in Europe the line of development has 
been higher steam temperatures and moderate pressures. This 
is particularly instanced by the authors’ statement that new 
stations are now being built in the United States using steam at 
temperatures from 825 to 850 deg F. 

A power plant on a commercial scale using a steam tempera- 
ture of 842 deg F with a pressure of 800 lb per sq ih. was installed 
in Europe 7 years ago and there are as many as 23 stations in 
commercial operation at the present time with temperatures 
ranging between 825 to 842 deg F. 
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At the St. Denis Station of the Societe d’Electricite de Paris, 
boilers are just going into operation using a steam temperature 
of 878 deg F,, while in London the first of the boilers at the Batter- 
sea Station of the London Power Company are ready for steam- 
ing, these boilers providing steam at a temperature of 875 deg F. 

The authors have given figures for comparative economies 
made available by the use of increased steam pressures, and in 
the light of experience on this side of the Atlantic, 1314 per cent 
saving, when comparing a 1,200 lb per sq in. 850 deg reheat 
eycle station with a 400 lb 850 deg straight cycle station, appears 
to be rather optimistic, under normal working conditions, al- 
though apparently possible on theoretical grounds. 

Mention is made of the progressive favor with which the one 
boiler per turbine arrangement is received in the United States. 
Possibly this position arose from the use of large base load 
stations in the United States where grid distribution of power 
has been developed to a very wide extent. In Europe, the one 
boiler per turbine arrangement is not now received with so much 
enthusiasm, and there is a distinct return to favor of the two 
boilers per turbine arrangement. The large amount of capital 
lying unproductive when large single boiler and turbine units 
are out of commission for any purpose is viewed with much 
disfavor by power engineers in Europe. 

Reference is made in the paper to the development of the series 
boiler and illustrations of coil type boilers are given. So far in 
Europe the coil type boiler has not met with the success expected 
for it in some quarters, although series boilers of the type in 
which forced flow steaming economizers work with natural flow 
steam generating banks and large water-cooled furnaces have 
proved quite successful in service. 

I. V. Robinson: Undoubtedly the higher pressures and higher 
temperatures do result in a reduced heat consumption per unit 
generated and also the capital cost of the plant is likely to be 
reduced as greater experience is gained with this type of ap- 
paratus. However, I question very strongly the advisability of 
attempting to balance so closely the charges due to extra capital 
expenditure against the savings due to improved efficiency. In 
the paper a 40 per cent load factor is assumed in order to balance 
these two items, but it is not known with any degree of accuracy 
what the load would be. When a new unit is set to work it 
usually gets the pick of the load and runs a very high load factor. 
It may thus take the load from an older unit which has not been 
installed very long and which is still very efficient. As a result 
this older unit may not get anything like 40 per cent load factor. 
In its turn the favored unit is superseded by another and so on. 

_I doubt very much whether any unit in any generating station 
in the world will average a 40 per cent load factor over a period 
of 15 years. When there is this quite unknown factor of the use 
to be made of the machine is it really of any value to balance to a 
nicety the eapital charges against running costs? 


Then again, on the generating side of the problem we have 
certainly got into an area where the law of diminishing returns 
becomes effective. When a station with a heat consumption of 
less than 20,000 Btu per unit generated was a station of which 
the engineer could be proud there was plenty of room for im- 
provement, but now when there are so many stations running 
down to 14,000 Btu the further possible advantage is really very 
small. 

In considering the total price that the consumer has to pay 
for the units he gets in his radiator, ete., the generating costs 
are an insignificant amount and the reduction in cost due to 
5 per cent or even 15 per cent improvement in thermal efficiency 
would be so slight that-it is doubted if the purchaser would see 
any difference at all in his bills. 

It seems that this constant striving after thermal efficiency 
is of greater interest to the engineers in charge, it becomes a 
matter of personal pride to get the lowest possible figures, but 
that it is a matter of negligible interest to the man on whom 
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they all depend, i.e., the consumer. If the brains which have up 
to now been used mainly, if not entirely, to reduce the generating 
costs, were able to do equally effective work as regards distri- 
bution then the purchaser would be interested, the cost of 
electricity would be reduced and the use would be increased 
enormously. 


Although putting forward this view I appreciate the fact that 
it seems extremely difficult to find a point in the distribution 
system upon which a successful attack for the reduction in cost 
can be launched. We have gone through exactly the same phase 
of development in the power station. Up to a certain period the 
major efforts to reduce generation cost were confined to the 
turbine house, the boiler house being left as a somewhat dirty 
and undesirable area into which the engineers did not desire to 
intrude. Later the engineers extended their activities to the 
boiler house with the result that it has become a different place 
entirely and quite as efficient as the turbine house. Could not 
the same engineers now consider the distribution system? 
Possibly the solution may be the introduction of some simple 
form of transformer, perhaps a thermionic valve or some such 
device which could be installed on the purchaser’s premises and 
would transform comparatively high tension current to the 
pressure required for domestic appliances. 


W.E. Wellmann: German opinion is not against high pres- 
sure nor high temperature in any way. This can be proved by 
some stations in Germany using the one or the other. But the 
application depends largely on the especial conditions en- 
countered. 

It may be interesting to use high pressures up to 120 atmos- 
pheres in the ease of an industrial plant with high consumption 
of process steam and high load factor, while on the other hand 
for a peak load generating station a pressure of only 30 atmos- 
pheres still is justified today. 

One of the great difficulties that concerns the use of tempera- 
tures of 450 deg C and higher is the difficulty of obtaining 
suitable material; this difficulty still is so serious that the com- 
bination with high pressures does not seem very desirable at 
the present because it complicates the task of the designing and 
operating engineer. This has to be considered the more since 
“.. . the design and manufacture of high pressure generating 
equipment is in its infancy.” 

It is disadvantageous that the size of the turbine (kw) is 
chosen by the customer and the shell size by the manufacturer. 
I believe that in the near future standardization will be of help. 

We agree with the conclusion in the paper that high pressure 
and high temperature have to be taken into consideration in every 
case of new installation of generating equipment. 

M. D. Engle and I. E. Moultrop: The X ray has been an 
invaluable tool in the development of high pressure equipment 
from the very start and the discussions have shown the im- 
portant part it is expected to play in future developments. No 
doubt the development and acceptance of welded pressure parts, 
inspected by means of the X ray will do much to accelerate the 
adoption of the higher pressures in the future and at the same 
time will aid in the manufacture of better and cheaper equipment 
for moderate pressures. 

It is indeed encouraging to see such general acceptance of the 
results obtained in the earlier high pressure installations. We 
believe that a valuable lesson can be learned from this experience. 
Those responsible for the high pressure and high temperature 
installations have been very frank in discussing publicly their 
troubles and the means employed for overcoming the operating 
difficulties that have arisen. This frankness has engendered 
confidence in the reports and has resulted in a more rapid adop- 
tion of the higher pressures and temperatures than otherwise 
would have been possible. 

Great credit is due the manufacturers of the equipment used 
for the capable manner in which they have executed their diffi- 
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cult tasks and for their willingness to have the troubles discussed 
so frankly in our technical meetings. We feel that they also 
have been benefited by this policy. 

No doubt, in the future, we shall see many more full service 
installations where the electric utility will supply to the indus- 
tries both electrical energy and steam for process. Such ar- 
rangements are so basically sound, where they are geographically 
possible, that we can expect rapid development along this line 
during the next business cycle. A frank public discussion of the 
problems arising and the solutions found will aid materially. 

We were particularly pleased with the discussions submitted 
by our fellow engineers in Europe. It is very apparent that our 
ideas do not exactly coincide in the solution of the major problem 
of generating electrical energy at a lower cost. This makes their 
discussions doubly valuable. European engineers in general 
favor higher temperatures at moderate pressures while American 
engineers favor higher pressures at moderate temperatures. 
Actually, pressures and temperatures go hand in hand. The 
apparent lack of suitable materials of construction has held back 
the adoption of higher temperatures in the United States but 
European engineers have gone ahead and have outstripped us in 
this respect. Recent installations indicate however that Ameri- 
can practise rapidly is eatching up in the use of the higher tem- 
peratures. These installations are employing the higher pressures 
also. 

The advisability of the one boiler per turbine idea has been 
questioned. The excellent papers by Hirshfeld and Moran on 
the reliability of large boiler units are the basis for the general 
acceptance of this fundamental in the United States. We be- 
lieve that the idea is so sound that it will be accepted universally 
in the very near future. 
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In reply to those who have suggested that we should turn ow 
efforts toward reducing the cost of transmission and distributio 
we would point out that this phase of the problem is receivin, 
just as intensive study as the development of the generating 
stations. It is felt that the electrical engineers are waging just as” 
courageous and just as successful a fight as the mechanical engi-- 
neers. The American Institute of Electrical Engineers already has 
placed on record its accomplishments in transmission and distri- 
bution, and the battle still goes on unabated. 

Electrical pressures have been raised from 115-230 volts to 
220,000 volts. Cables have been developed so that today we are 
able to pull a 700,000-cir mil 14-kv three-conductor cable into the 
same duct formerly filled by a No. 4/0 14-kv cable. The quality 
has been improved with consequent reduction in failures, and 
due to lower losses, greater capacity can be delivered by amodern 
cable than by obsolete types of the same size and at the same 
voltage. Further advances have been made through the installa- 
tion of low-voltage a-c networks, which probably will ultimately 
supersede the d-c systems, and the adoption of 4,000/2,300-volt 
a-c networks in suburban districts. 

Electrical substations have been going through the same 
intensive developments. Better designs have resulted in speedier 
and more reliable breakers and more dependable protective 
devices. Large power transformers are now designed to give 
efficiencies as high as 99.60 per cent. These higher efficiencies 
and this greater reliability have been obtained at a lower cost, 
when all factors are considered. They are all doing their part 
in reducing the cost of the service, and this is being done in spite 
of the constant demand for better and more reliable service. 

The battle for better service at lower cost is being waged on 
all fronts and is not being confined to any one sector. 
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Recent Actions Taken By the Symbols, Units, 
and Nomenclature (S.U.N.) Committee 


Of the International Union of Pure and Applied Physics (I.P.U.) 
in Reference to C.G.S. Magnetic Units 
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Synopsis.—In reference to the C.G.S. magnetic units, a brief 
historical outline is presented of the actions taken by international 
electrical congresses from 1893 to 1904, and by international tech- 
nical and scientific unions from 1904 to 1932. Emphasis is laid 
on the results of the S.U.N. Committee meeting of July, 1932, as 
the latest development. 

The present status of international agreement on C.G.S. magnetic 
units is unofficially presented, in the light of the historical back- 
ground. 

Turning to future possible developments, certain questions are 


PURPOSE AND SCOPE 


HE aim of this paper is to offer a brief unofficial 
account of what international actions have recently 
been taken in the matter of C.G.S. magnetic units, 

tending to eradicate some of the ambiguities that have 
pervaded magnetic literature during the last thirty 
years, and especially the actions in this direction taken 
during 1931-1932, by the International Electrotechnical?” 
Commission (I.E.C.) and by the International Physical 
Union (I.P.U.), together with the present nomenclature 
status of these C.G.S. units, and what little yet remains 
to be done, in order to secure general international 
agreement. It will be seen that this is essentially a mat- 
ter of names, definitions and nomenclature; since no 
changes have been suggested in the C.G.S. units 
themselves. 
The second part of the paper relates to magnetic units 
- in the practical, or volt-ohm-ampere series. Here rela- 
- tively little has yet been accomplished. In order to 
extend this series into a complete comprehensive sys- 
tem, it appears to be necessary to secure agreement 
upon two very important questions: (1) Shall the mmf of 
a coil of NJ ampere-turns be 47NI practical units, or 
NI ampere-turns simply? (2) What unit of length shall 
be embodied in the system? Suggestions are advocated 
upon both questions. 


HISTORICAL OUTLINE SINCE 1927 
In a paper entitled Magnetic-Circwit Units, read 


before the Midwinter Convention of the A.I.E.E.,~ 


January 29th, 1930, the writer had the privilege of 
presenting a historical outline of magnetic units from 


*Harvard University and Mass. Institute of Technology. 

17. See bibliography for numbered references. 

Presented at the Winter Convention of the A.I.E.E., New York, 
N. Y., January 23-27, 1933. 


pending for consideration, by either or both committees, in order to 
clear up any outstanding differences of international opinion over 
magnetic units in the classical C.G.S. system. 

In order to convert the existing series of practical electromagnetic 
units (ohm, volt, ampere, coulomb, farad, joule, watt, henry and 
pramazxwell) into a complete system, international agreement must 
first be reached upon the two outstanding questions: 

(a) Subrationalising (47NI or NI for mmf). 

(b) The unit of length to be adopted (meter or cm). Suggestions 
are offered along both these lines. 


1861 up to that date. It will therefore not be necessary 
here to reconsider the history of the subject prior to 
1927, when the International Electrotechnical Com- 
mission (IJ.E.C.) prominently entered the field. 

The I.E.C. was projected in 1904, at the International 
Electrical Congress of St. Louis, and was inaugurated 
at London in 1906. It has been continuously in existence 
since that time. It has national committees in some 
twenty countries. Each such national committee is 
composed of representatives of its national government, 
local scientific and technical bodies, as well as various 
electrical industries. The general secretariat is in 
London; but the presidents, of which there have been 
eight up to this date, are elected successively from the 
various countries. Each national committee has its own 
president, secretary, and other officers. 

The work of the I.E.C. is divided among nineteen 
separate advisory committees, each with its own presi- 
dent, and with a secretariat located in one country. 
Some advisory committees have delegates from a rela- 
tively small number of countries. Others have delegates 
from all or nearly all countries. Through the London 
central office, the different advisory committees convene 
at suitable times and places, to work out their own 
problems. As and when they arrive at agreements, they 
notify the central office, and report to the next plenary 
meeting of the I.E.C. asa whole. The plenary meetings 
are held about once in two years, and there have been 
nineteen in all thus far, distributed in time and place 
among twelve cities. The work of a plenary meeting 
consists largely of receiving reports from the various 
advisory committees, and of adopting them, as a body, 
by vote. The I.E.C. also receives and passes upon 
applications for the holding of international electrical 
congresses, in countries which desire to hold them. 

The tasks undertaken by the various advisory com- 
mittees relate broadly to electrical engineering, and 
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especially to the standardisation of machinery, appara- 
tus, specifications, methods and tests entering into 
electrical applications. In advisory committee No. 1 
on “Nomenclature,” definitions, symbols and units 
have been dealt with at various times. 

At the plenary meeting of 1927, in Bellagio and 
Rome, a proposal was introduced by the Italian national 
committee, relating to magnetic units; both C.G.S. and 
practical. After some unsuccessful discussion, it was 
referred to a special subcommittee on ‘‘Magnetic 
Units’’ of the Advisory Committee on Nomenclature, 
for study and report, with a personnel group of rep- 
resentatives from seven countries. This subcommittee 
worked over the subject until 1929, without being able 
to reach an agreement, owing to the marked differences 
of opinion presented among the various national com- 
mittees involved. The subcommittee reported in 
1929, recommending that, in view of the large range of 
differences in opinion, the subject should be discussed 
in the national committees and placed upon the agenda 
for the next plenary meeting at Oslo in 1930. The 
subject was, in fact, ventilated in the technical press of 
several countries, in advance of the meeting of 1930. 

The main difficulties in reaching agreement centered 
around the unit? name gauss, which had been adopted 
in 1900, at Paris. Magnetic literature all over the 
world, between 1900 and 1930, showed much confusion 
and ambiguity as to the meaning of this name. Some 
writers used it exclusively for the unit of flux density, 
or induction density B. Others used it exclusively for 
the unit of magnetising force, or magnetic intensity H; 
while yet others used it for both B and H indiscrimi- 
nately. Moreover, some authoritative text books 
held that the quantities B and H were physically differ- 
ent, in which case, of course, the unit name gauss could 
only be applied to one; but to which was not certain. 
Other equally authoritative text books held, on the 
contrary, that the quantities B and H were physically 
identical; so that the gauss if applied to one, would 
also be applicable to the other. There was no middle 
ground between these two positions, and the first aim 
of the international subcommittee dealing with the 
subject, was to decide which of the two contentions 
should be supported. 

When the magnetic units subcommittee met (June, 
1930) in Scandinavia, its numbers were increased to 
include twelve countries, and its name was changed to 
Section B of the Nomenclature Committee, dealing 
with Electric and Magnetic Magnitudes and Units, 
(E.M.M.U.). After discussion, it was voted unani- 
mously to adopt the convention, that for electro- 
technical purposes, the quantities B and H should be 
regarded as being physically distinct; so that in a 
vacuum, or free space, B = u.H, where y, is the space 
permeability, and is not a mere number, but a physical 
quantity having dimensions; furthermore that in the 
case of magnetic substances, B = wH, where yu is the 
absolute permeability of the medium, with the same 
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dimensions as p.; but the relative permeability of the 
medium would be u/s, a mere number. 

These conventions having been adopted, the E.M.- 
M.U. committee was able to deal speedily with other 
C.G.S. magnetic units which had offered difficulty. 
The following list of units and names was agreed to, 
either unanimously or by considerable majorities.* 

(a) For the C.G.S. Magnetic Unit of magnetic flux 
, the name maxwell 

(b) For the C.G.S. Magnetic Unit of flux density 
B, the name gauss 

(ec) For the C.G.S. Magnetic Unit of magnetising 
force H, the name oersted 

(d) For the C.G.S. Magnetic Unit ofmmf¢ the name 
gilbert. 

The name mazwell had already been adopted in 1900 
at Paris, for magnetic flux ®, as reaffirmed here under 
(a). The name oersted was applied to the unit of H, 
partly to indicate that, by convention, the name gauss 
being assigned to the unit of B, was not applicable to 
the unit of H. In America, the name oersted had been 
applied provisionally to the unit of reluctance @, since 
1900; but without international authorisation. The 
assignment of the name oersted to the unit of H as in 
(c), leaves the C.G.S. magnetic unit of reluctance with- 
out a name, for the present. 

The E.M.M.U. Committee also adopted the name 
pramaxwell for the unit of magnetic flux #@ in the 
practical series (10° mazxwells) and the prefix pra as a 
general means of designating a practical unit derived 
from a C.G.S. unit. 

The preceding resolutions, and others not directly 
within the scope of the C.G.S. units, were reported to 
the plenary convention of the I.E.C. at Oslo, and by 
it unanimously adopted, July 9th, 1930. 

Following upon the publication of the I.E.C. actions 
on the C.G.S. magnetic units, comments appeared in 
the scientific and technical press of various countries. 
In general, these comments were favorable; but some 
adverse criticisms also appeared, mainly directed to 
two points: 

(a) That names of savants should not have been 
given to C.G:S. units. 

(b) That the name gauss should not have been given 
to the unit of B; but to that of H,-in conformity with 
the usage of terrestrial magnetic observatories. 

In regard to (a), the Paris Congress of 1900 had 
assigned the names maxwell and gauss to C.G.S. units, 
in view of the decision of the Congress of 1893, at 
Chicago, that working magnetic units should be kept 
within the C.G.S. system. 

In regard to (b), it was pointed out that in view of 
the confusion in literature over the use of the name 
gauss, the I.E.C. convention necessarily brought em- 
barrassment to some group of workers; but that the 
number who were in the habit of using the gauss for B 
seemed to be much greater than those accustomed to 
using the gauss for H. Moreover, the earth’s magnetic 
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field is measured in air, which being a feebly magnetic 
medium, may be regarded as developing a flux density 
B under the action of the magnetic intensity H al- 
though, from a numerical standpoint, there would be 
no appreciable difference between the air values of H 
and B. Terrestrial magnetic observatories are also 
accustomed to report their magnetic measures in terms 
of a special unit the gamma or y, equal to 1/105 oersted, 
and there had been no suggestion of disturbing this 
usage. 

In view of any or all differences of opinion elicited 
by the publication of the I.E.C. Oslo resolutions, ar- 
rangements were made and announced early in 1931, 
to hold a special meeting of the E.M.M.U. committee 
at London, in September 1931, to review these C.G.S. 
recommendations. 


ESTABLISHMENT OF THE S.U.N. COMMITTEE BY THE 
INTERNATIONAL PHYSICAL UNION 


The International Union of Pure and Applied 
Physics (I.P.U.), met at Brussels in July 1931, and 
established for the first time, an international com- 
mittee on ‘Symbols, Units and Nomenclature,” 
(S.U.N.). The S.U.N. committee elected as its Chair- 
man Sir Richard Glazebrook, and as its Secretary, 
Dr. E. Griffiths. Since electro-technical units fall 
within the scope of the S.U.N. Committee, the I.E.C. 
extended an invitation to the I.P.U., to aid in the task 
of seeking international agreement on electric and 
magnetic units, through the codperation of the S.U.N. 
and E.M.M.U. committees. This invitation was ac- 
cepted, and the S.U.N. Committee was invited to have 
its members attend and take partin the London 
E.M.M.U. meeting, already scheduled for September 
1931. The S.U.N. Chairman and Secretary were able 
to attend, and also the General Secretary of the I.P.U., 
Professor H. A. Abraham. 


ACTIONS OF THE LONDON MEETING OF E.M.M.U. 
COMMITTEE, SEPTEMBER 1931 


At the opening of the E.M.M.U. meeting in London, 
September 18th, 1931, the President of the I.E.C., 
Dr. A. F. Enstrém,. and the General Secretary, Mr. 
C. LeMaistre, took part.” The national committees 
of ten countries were represented:—Denmark, France, 
Germany, Great Britain, Holland, Italy, Norway, 
Poland, Sweden and U.S.A. 

The agenda proposed by the American committee 
in February 1931, were then adopted as basis for 
procedure. 

The first proposal on these agenda: (la) was con- 
sidered: 

“that the C.G.S. magnetic units and their ac- 
cepted names, as fixed at the Oslo plenary 
meeting, should remain undisturbed”’ 

This proposal was voted unanimously, two countries, 
however, abstaining, (Holland and Italy). 

The next proposal (1b), related to a series of practical 
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magnetic units, based on the pramazxwell, or voli-second 
as adopted at the Oslo meeting, with the ampere-turn 
as unit of mmf. After a long discussion, during which 
considerable difference of opinion was revealed, it was 
voted to defer action on these practical units until the 
national committees should have had further oppor- 
tunity of examining the question. 

On the particular question, however, of a practical 
unit of mmf $, and whether a coil of N turns, carrying 
a steady current of J amperes, should be taken as 
§ = 4 x (NJ) units, or merely § = (NI), a vote was 
called for on the proposition that it should be § = 47 
(NI). Three countries were in favor of the proposition 
(France, Holland and Italy); while four voted against 
the proposition: (Germany, Great Britain, Sweden and 
U.S.A.).. Two countries, Norway and Poland, ab- 
stained from voting. It is evident that there is much 
difference of opinion over this important question. 

Item II of the agenda, on a conventional interpre- 
tation of reactive power in unspecified, alternating- 
current right-angle triangles, was next considered; 7.e., 
whether + 7 vars should be taken as signifying induc- 
tively reactive power, or the reverse, when the basis 
of the diagram is not specified. 

It was unanimously voted that a convention should 
be adopted; but that decision as to the direction, should 
be deferred until a new and definite American recom- 
mendation should be presented. 

Some difference of opinion had been raised as to 
whether the particular direction recommended in the 
agenda (+ 7 P, for inductively reactive power), was the 
more advantageous choice. 

Item III of the agenda related to a proposed inter- 
national adoption of the prefixed “ab” and “stat,” 
applied to a practical unit, for the designation of a 
corresponding unit in the C.G.S. magnetic, or in the 
C.G.S. electric system, respectively. These prefixes 
have been and are in use, to some extent, in America; 
but have never been internationally adopted. 

For lack of support to the proposal, no action was 
taken and the meeting adjourned. 


MEETING OF THE S.U.N. COMMITTEE IN PARIS 


The S.U.N. Committee issued a questionnaire, in 
December 1931, to physicists and physical societies 
in different countries, on “Electrical Units,” calling 
attention to certain ambiguities in the definitions of 
fundamental electric and magnetic quantities entering 
into the C.G.S. system, and inviting opinions as to 
how these ambiguities might be eliminated, in order 
to arrive at international agreement. The replies to 
this questionnaire were collected. In view of the con- 
siderable number of physicists assembling in Paris 
during the week July 5th-12th, to attend the Inter- 
national Electrical Congress of 1932, the 8.U.N. Com- 
mittee called an informal meeting in Paris on July 
9th, to discuss these questions, and especially the 
C.G.S. magnetic units. 
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The meeting was held under the chairmanship of 
Sir Richard Glazebrook, Dr. E. Griffiths of the British 
National Physical Laboratory (N.P.L.) being the 
Secretary. Nineteen persons, from eight countries, 
attended. The actions taken were informal, in the 
sense that the voting was not by countries; but by 
individuals. 

The following propositions were adopted, either 
unanimously, or by considerable majorities: 


1. Any system of units recommended must retain the eight 
internationally recognised practical units: joule, watt, coulomb, 
ampere, ohm, volt, farad, henry. 

2. The C.G.S. system of units is suitable for the physicist. 

3. A system of practical units including the above eight 
quantities, is derived from these by multiplying the C.G.S. unit 
by appropriate powers of 10. 

4. That M. Abraham at the request of the conference, should 
prepare for consideration by the Commission, a preliminary 
report on the fundamental units. 

5. The system of magnetic units may be based on the follow- 
ing two methods as alternatives: 

(a) The force between two elementary magnet poles, 
(Coulomb). 
(b) The force between two elements of current,(Ampére). 

6. B and FH are quantities of different nature. 

7. The factor 477/10 should be retained in the definition of 
magnetomotive force. 


The following table of electromagnetic quantities, 
which in accordance with suggestions received, has 
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and that the unit names maxwell, gauss, gilbert and 
oersted for &, B, § and H are respectively satisfactory. 
If these conventions continue to receive support, the 
ambiguities and confusion which have pervaded inter- 
national magnetic literature during the past thirty or 
forty years, should disappear. The only group whose 
current practise seems to be embarrassed by the con- 
ventions, is the terrestrial magnetic group, who have 
long been accustomed to employ the gauss for H. As 
has already been pointed out, however, these important. 
scientific researches in terrestrial magnetism deal almost 
exclusively with magnetic phenomena in air, at ordinary 
temperatures and pressures. The numerical difference, 
between B and H in air under such conditions, is ad- 
mitted to be only about one part in three millions; 
which is insignificant in the existing stage of measure- 
ment precision in terrestrial magnetism. There can be 
no present confusion in magnitudes, when the gauss 
in air is mentioned. Moreover the use of the gamma 
in terrestrial magnetic work is not interfered with. 

In the United States, The I.E.C.-I.P.U. Conventions 
have been accepted by the National Bureau of Stand- 
ards, the Society for Testing Materials, various 
committees of the A.I.E.E., and the U.S. National 
Committee of the I.E.C. Endorsements have appeared 
in electrotechnical journals. They are also used, to 
the exclusion of all others, in the ‘‘Report on Proposed 


TABLE I—ELECTROMAGNETIC QUANTITIES 


C.G.S. units Volt-ampere units 
Quantity designated Symbol Equation Name _ Unit Defining units 
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been revised since the meeting, is now proposed for 
adoption by the British representatives. 


PRESENT STATUS OF THE C.G.S. MAGNETIC UNITS AS 
THE RESULT OF IJ.E.C. AND I.P.U. ACTIONS 


It will be seen from the preceding S.U.N. recom- 
mendations and table, that there is agreement in all 
essentials between the findings of the I.E.C. and I.P.U. 
committees, so far as concerns the C.G.S. magnetic 
units. Both have recommended the convention that 
the quantities B and H should be taken as different, 


American Standard Definitions of Electrical Terms,’’* 
sponsored by the A.I.E.E., and recently published - 
(August 1932). Up to the present date (November 
1932), no objections seem to have appeared in North 
American literature to the I.E.C.-I.P.U.-C.G.S. con- 
ventions, and the only complaints raised have been 
that the previously existing C.G.S. unit name for re- 
luctance has been removed, without designating any 
substitute. As a minor detail of symbology, however, 
an objection has been raised to the use by the I.E.C. 
of the symbol yu. for space permeability. This symbol 
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has been used to some extent in America for “initial 
permeability; 7. e., the “normal permeability when 
both the magnetising force (H) and the induction (B) 
are vanishingly small.’’ If it should be desired to retain 
the symbol yu, for initial permeability, space permea- 
bility, or the permeability of vacuum, might be 
represented by some other symbol, such as py. 


MATTERS OUTSTANDING FOR CONSIDERATION IN 
RELATION TO C.G.S. UNITS 


Up to this point in the paper, the writer has en- 
deavored to present an unbiased historical picture of 
what the I.E.C. and I.P.U. have been able to do for 
clearing international understanding of magnetic uni- 
tology. In what follows, opinions and suggestions are 
submitted, in the role of an advocate rather than of a 
historian. 

It is often supposed that the well known relation 
B = wH gausses, which connects magnetic flux density 
with permeability and magnetising force, extends only 
to magnetic media, and has neither theoretical nor 
practical interest when free space, or non-magnetic 
media, are considered. Further examination shows, 
however, that this is too narrow a view to fit the facts. 
In a vacuum, free space, or non-magnetic media, the 
equation becomes B, = uoH gausses; where B, is the 
space flux density, and pu. the space permeability. In 
the C.G.S. magnetic system, the numerical value of u, 
is arbitrarily made equal to unity, and for purposes of 
mere computation, the equation might just as well be 
B = H, in which form it sometimes appears in text 
books and which would justify the view that B and H 
are physically identical. But in the C.G.S. electric 
system (commonly called the electrostatic system), the 
value of u. necessary to satisfy the equation is u, = 1/c’, 
where c is the velocity of electromagnetic wave propa- 
gation, or nearly 3 <x 10% meters per second. -In any 
other system of electromagnetic units, a value of pu. 
differing from unity must be used, even for purposes of 
computation, except in the Maxwell Q.E.S. (quadrant- 
eleventh gram-second) system. A few cases appear in 

_the following table: 


TABLE II 
Values of uo Satisfying the Space Relation By = uoH for Various Systems 


No. System of units Value of uo 
1. .Classical or Maxwellian C.G.S. magnetic unrational- 
ASG pte dee a vieges tite chien ue eros meds Ube ta Sete leeds se 1.0 
2..Classical or Maxwellian C.G.S. electric unrational- 
Afe/e lhe Ne ete Ae en HSE RE a tRNA Aetey o cena Be 1/(0:9) << 10>" 
3..M.K.S. (meter-kilogram-second) unrationalised..... 1077 
4. .M.K.S. (meter-kilogram-second) rationalised........ 4n X 10-7 
5..C.G-S.S. (em-gram-seven-second) unrationalised .... 10-9 
6..C.G-S.S. (em-gram-seven-second) rationalised. ..... 4” X10~° 
7..Maxwellian Q.E.S. (quadrant-eleventh-gm-second) 
1.0 
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It has been pointed out in several countries that there 
are several classical C.G.S. magnetic formulas which 
should include y., in order to acquire general applica- 
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tion. One of these is B, = u.H, often written B = H 
for nonmagnetic media. This question of inserting yu. 
in certain classical C.G.S. magnetic formulas where it 
generically belongs, ought to be considered by the 
K.M.M.U. Committee, independently of the I.E.C. 
Convention that yu. has dimensions of some kind, other 
than a mere number. It has been claimed that ., as 
space permeability, is a fundamental physical constant. 
The Ausschuss fiir Einheiten und Formelgréssen has 
named it the “Induction Constant.”’ 


QUESTIONS TO CONSIDER IN RELATION TO THE 
PRACTICAL UNITS 


It will probably be generally admitted that the 
difficulties in the way of rectifying the C.G.S. magnetic 
units internationally are small compared with the 
difficulties of reaching agreement over the extension 
of the practical series of units into a complete compre- 
hensive system. No changes have been made in the 
classical C.G.S. Magnetic system, which was adopted 
by the Paris Congress of 1881, endorsed, beyond any 
question of modification, by the Paris Congress of 1900, 
accepted by the Electrical Committee of the Inter- 
national Committee of Weights and Measures and was 
also endorsed by the 8.U.N. Committee at the Paris 
meeting last July, under item (2) above referred to. 
On the other hand, the practical units are now nine in 
number: the ohm, volt, ampere, coulomb, farad, watt, 
joule, henry and pramaxwell or volt-second. These form 
a one-to-one series; but not a complete system. We 
may define a comprehensive practical system as any 
system of units susceptible of universal scientific 
measurements and computations, which includes the 
nine practical units as constituent elements. In order 
to complete the practical series into a practical system, 
certain additions must be agreed upon. These missing 
elements are of great importance. The first elements 
of the series are now more than fifty years old, and the 
completed system may last for centuries. Great care 
is therefore needed in choosing the best new elements; 
because while the choice is pending, we can carry on’ 
all our work in the C.G.S. system. 


QUESTION OF PRACTICAL UNIT OF MMF AND 
SUBRATIONALISATION 


Probably the first question to consider is the defini- 
tion of the practical unit of mmf. Shall it be the 1/47th 
part of an ampere-turn or just an ampere-turn? 
This is the old rationalisation question first raised by 
Heaviside in the seventies. He showed that ration- 
alised C.G.S. units would be much simpler to think 
with, and work with, than those of the classical C.G.S. 
system; although the method by which he advocated 
rationalising, would have meant changing the magni- 
tudes of nearly all the existing practical units and 
Later on, it 
became known how to subrationalise a system; 7. e., to 
obtain the advantage of rationalisation through in- 
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creasing the unit of space permeability 47 times, and 
diminishing the unit of space inductivity 47 times. 
Karapetoff has recently presented a simple means of 
analysing any system of electromagnetic units, (setting 
aside the units of length and mass), in terms of five 
significant constants: namely, (n) the ratio of electric 
flux to the charge producing it; (p) the corresponding 
ratio of magnetic flux to the pole producing it; (k) the 
ratio of themmf of a coil to the current-turns producing 
it; (€,) the space inductivity and (u,) the space permea- 
bility. He proceeds to show that a certain simple 
relation must hold among these five parameters in any 


n Pp 
tee 
parameters n, p, and k are indicated to be arbitrary 
numerics; while the product e€, 4. has the same dimen- 
sions as the inverse square of c the light velocity. On 
the basis of this analysis, we may define a system as 
subrationalised, when the ratios n and p are each equal 
to unity. If k is also unity, so much the better. In 
both classical C.G.S. systems (magnetic and electric), 
as well as in the Q.E.S. system, the ratios n and p are 
each equal to 47. This makes unit pole produce 47 
maxwells, and a corresponding numerical relation be- 
tween electric charge and flux; whereas the basic idea 
should be that unit pole is a maxwell, and a unit charge 
is unit flux. So great is the advantage of this simplifica- 
tion that, as we all know, a large part of modern electro- 
magnetic theory is carried on in the Heaviside-Lorentz 
rationalised C.G.S. system, and not in the classical 
C.G.S. system. 

Various writers have indicated the simplification in 
working formulas brought about by subrationalisation. 
The books and papers thus far written in systematised 
practical units (Giorgi, Bennett, Karapetoff) have 
used HF= p =k = 1% 

The proposition to adopt 47 NI as the mmf of a coil 
in the practical system was raised in the E.M.M.U. 
London meeting of September 19381. At that time, 
the vote was 4 to 3 against the proposition, (two 
countries not voting). At the S.U.N. Paris meeting 
of July 1932, a similar proposition was carried by a 
vote of 10 to 3; so that the E.M.M.U. was in favor of 
rationalising, by a small majority; while the S.U.N. 
was opposed to rationalising, by a large majority. 
The question should be thoroughly examined in all 
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countries and only finally settled, one way or the other, 
by a large majority. There is a danger that if the vote 
is not nearly unanimous, there may be a schism in the 
practical system, just as there has already been a schism 
in the C.G.S. system. We should thus face the danger 
of having a classical practical sect and a rationalised 
practical sect. 

The arguments raised against practical rationalisa- 
tion seem to be weak. One has been that certain well 
known relations now existing between the C.G.S. mag- 
netic and C.G.S. electric systems would be lost if 
rationalisation were adopted. Granting that this is 
true, there can be no bad result in the case considered, 
because there will be a practical magnetic system; but 
no practical electric system. The duality of the present 
classical C.G.S. system will fortunately disappear from 
the proposed completed practical system. It has also 
been urged that the product €, wu. which is 1/c? in the 
C.G.S. system, will have some other value in the prac- 
tical system, when rationalised. This may be true in 
the general case; but is not true in either of the pro- 
posed completed practical systems. See Table III, 
Nos. 6 and 8. 

Table III, prepared in accordance with the Karapetoff 
analysis, brings a number of different systems into 
comparison. Nos. 1 and 2 are the classical C.G.S. 
systems. No. 8 is the rationalised Heaviside-Lorentz 
system, No. 4 is the Maxwell practical system, as 
drawn up by its author and unrationalised. No. 5 
indicates how that system would appear if rationalised. 
No. 6 is the Giorgi system, in the rationalised form 
presented by its author; while No. 7 is how it would 
appear unrationalised. No. 8 is the system for which » 
there are a number of claimants, among them Dellinger, 
Bennett and Karapetoff. No. 9 is the same in unration- 
alised form, first suggested by the Committee on Units 
and Standards of the A.I.E.E. in 1891; although the 
implications as to the unit of mass (107 gm) were not 
then apprehended. 

It has always been urged against rationalisation that 
if the factor 47 is taken out of mmf it will have to be 
inserted in permeance and reluctance in order to main- 
tain the magnetic flux 6 unchanged in magnetic-circuit 
Ohm’s law. The argument is that no advantage would 
be gained by the process. It must be remembered, 
however, that in the great majority of practical mag- 
netic-circuits, magnetic material such as iron or steel 


TABLE III 
ab M a 
No. System cm gm sec n p k €0 Mo 
le REE eee Classical O;G.S, electric unraty 6 lie. ch nod ns seated wots | ee ae DU ee, eh ee fee eae aw he 2 4n.. 1 1/c? 
la crevice Olassical'©.G;S. magnetic unrat,..... 2-20. s.sceeeaecunic nc ee caer sh ee cen ieee ile WTS 6 a Ob Mavis 4n.. 1/c? 1 
7 a ee a Heaviside-Lorentz: rats. (04 cv hut ere in eho cea el eet oe 1 ea 1 te RA Lara Laat Reaeen ae Des 1 iL 
NSS Se Maxwell practical.O.B:8, wnvateee.< Anata pects aes Generis 10° Fea TOME hey Daya ent Bap sere, Ce eee 4m... 1/c? 1 
1G ek lie Maxwell practical Q.E.S. rat............... LPR Pie ek oe et TOUR on: TOS Reese: Lee ears Dh ania te: i hie Rare 1 1/4 rc? 4m 
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Siocon Dell. Benn, Kar, CO!GsiS! rat.von. at tee pene Iter LOM Meare 5 A st 1 Po Nan, ete 1 .109/4 x c?...4 7/10 
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has to be employed, and that the relative permeability 
of this material has to be included in the computation, 
usually through the use of a table or curve sheet. Since 
the relative permeability factor, has, therefore, ordi- 
narily to be inserted, it is easy to include the 47 factor 
in the table or curve sheet, so as to have no necessity 
for introducing the 47 term separately. There is thus 
an economy of time and effort involved in the ration- 
alised process of magnetic-cireuit Ohm’s law. The 
Ohm’s law formula is, moreover, only one of many in 
which the 47 factor appears. In nearly all of them the 
rationalised formula is distinctly simpler than the un- 
rationalised formula. 

A real objection to rationalisation would be the 
divergence of the practical system from the unration- 
alised basic C.G.S. magnetic system. The main 
question to be decided would be whether the very real 
advantages of rationalisation are counter-balanced by 
the disadvantage of departure from the corresponding 
classical C.G.S. formulas. 


QUESTION OF THE UNIT OF LENGTH IN THE PRACTICAL 
SYSTEM 


In addition to, but independent of the question of 
rationalisation, comes the question of the unit of length 
to be used. The choice of the length unit logically 
determines the units of area and volume. It has been 
shown by various writers, that in order to conform with 
energy and power requirements, (the jowle and watt), 
there are only two units within the range of serious 
consideration; namely, the meter and the centimeter. 
Theoretically the quadrant is also included; but it is so 
large as to be out of discussion. The quadrant as a 
unit of length, exceeds the earth’s radius. The square 
quadrant, as a unit of area, is about one-fifth of the 
surface of the globe, and the cubic quadrant, as a unit 
of volume, is of the same order as the earth’s volume. 
No one has had the courage to propose these units 
seriously, and it does not appear that Clark Maxwell, 
who discovered the relation of the units in this system, 
regarded them as of a workable character. 

The centimeter is a more convenient and familiar 
unit of length than the meter for most electrical engi- 
neering purposes. On the other hand, however, it is 
linked with a large and awkward unit of mass: 10’ 
grams, or ten metric tons. It is a question, therefore, 
whether in: the general use of the practical system, for 
purposes other than electromagnetic, the disadvantage 
of this large mass unit might not outweigk the advan- 
tages of the centimeter. 

It has been contended that neither the M.K.S. nor 
the C.G.S.S. system is permissible as a scientific unitary 
structure, for the reason that in neither of them is unit 
density the same as that of water. The unit density in 
the M.K.S. system is the kilogram per cubic meter, 
which is 1,000 times less than that of water. The unit 
density in the C.G.S.S. system is 10 tons per cubic 
- centimeter, which is 10’ times the density of water. It 
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is of course desirable to have the unit of density iden- 
tical with that of water, from a practical point of view; 
but the failure to meet this condition probably is not 
SO serious as some have claimed. For practical pur- 
poses, what we need is a table of specific gravities, or 
the densities of substances divided by the density of 
water. Once such a table has been prepared, the 
absolute density of water becomes of relatively small 
importance. It seems doubtful whether any practical 
system, otherwise acceptable, should be rejected be- 
cause its unit of density is not that of any familiar 
substance. 
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Discussion 


George A. Campbell: I should like to eall attention to the 
practical results of the conventions set forth in this paper, as 
shown by a document which the paper says has used these con- 
ventions to the exclusion of all others. I refer to the ‘‘Report on 
Proposed American Standard Definitions of Electrical Terms’ 
sponsored by the A.J.E.E., with Doctor Kennelly as chairman 
of the committee in charge. It was published last August with 
a request for comments and suggestions. 

Section 35 on “Units and Systems of Measurement’’ of the 
Group 05 on ‘“‘General Terms” defines 5 ¢.g.s. systems with 27 
of the ¢.g.s. units, next a practical system with 9 practical units, 
and finally an international system with 10 units. From these 
definitions the engineer can learn, for example, about the ohm, 
the abohm, the absolute ohm and the international ohm, but 
nowhere is he told what ohm is actually used in our shops. The 
engineer may be impressed with the multiplicity of ¢.g.s. systems 
but he cannot fail to find them confusing. Even if he is wise 
enough to skip the first four-fifths of the text and start in with 
the international system, he finds that every international unit 
definition refers him, in the end, to the corresponding absolute 
unit. This first leads him back to the definitions of the practical 
units, and then on back to the long, involved definitions of the 
¢.g.s. units and ¢.g.s. systems. 

Would it not be far better, in definitions intended for the 
electrical engineer, to define first, as briefly and directly as 
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possible, the units which actually are used by the machine shop 
in the manufacture of electrical equipment, by the retail shop in 
the sale of electrical equipment, and in the shop talk at all 
A.I.E.E. conventions? The engineer could then get what he 
really needs without encountering the artificial difficulties which 
were invented when the leading scientists hardly had the grasp 
of electrical units which the youthful radio amateur now seems 
to have. It would, however, not be feasible to omit all reference 
to ¢.g.s. units because the electrical engineer will unfortunately 
encounter them in the literature of physics. This calls for the 
familiar conversion table to enable him, upon encountering any 
¢.g.s. unit, to translate it into the shop unit which he really 
understands. : 

What I am suggesting is that in this A.I.E.E. glossary of terms 
relating to units both the order and the emphasis should be 
inverted. Put the shop ohm, the shop volt, the shop ampere- 
turn and the shop volt-second first and not the e.g.s. units. 
There would be no reference to ¢.g.s. units before the table at 
the end of the glossary. The shop units would be the basic units 
and the ¢.g.s. units would appear as derived units. 


If you agree to this, it seems to follow that in his training the 
engineering student should start at once with the shop units. 
Then much later he would be introduced to the conversion table 
for use when, and only when, he encounters a ¢.g.s. unit in the 
literature. This plan should work perfectly with boys who have 
become familiar with the shop electric units as radio amateurs 
and household electricians. If this is the best procedure with 
students of engineering, it is, I believe, also the best procedure 
with high school and college students of physics. It seems quite 
certain that if a generation of engineers and physicists were 
trained in this way, they would continue to think and write in 
terms of shop units, and ¢.g.s. units would soon become of his- 
torical interest only. This, it seems to me, is a goal devoutly to 
be worked towards, and the present an opportune time for engi- 
neers to assist in accelerating the process of education. 


Referring again to the A.I.E.E. electrical definitions: under the 
“International System of Electric and Magnetic Units,” on page 
34, occurs the statement, ‘“The International Committee of Weights 
and Measures has decided to discard these units in the near future”’ 
in favor, it is implied, of the absolute practical units, as announced 
in the technical literature. This also calls for inversion, in my 
opinion.2 Why? One among several reasons is this: the absolute 
practical units and all ¢.g.s. units lead to formulas which are in- 
fested with 47’s and the 47’s are an unmitigated nuisance in 
the shop, laboratory and study. The international ohm, am- 
pere-turn, mechanical watt shop system is necessarily free from 
these 47r’s and such a system is ‘‘much simpler to think with and 
work with,” as Doctor Kennelly says. I wish there were time to 
take up Doctor Kennelly’s paper point by point, but in the in- 
verse order of presentation, and show how this inversion simplifies 
the subject and automatically eliminates one by one the difficul- 
ties which he sets forth. I refer especially to: ‘‘. . . the difficulties 
of reaching agreement over the extension of the practical series of 
units into a complete, comprehensive system,” including the 
meter and ampere-turn, because it requires dropping the density 
unit and the 47 of the e.g.s. electromagnetic system; “. . . the 
ambiguities and confusion which have pervaded international 
magnetic literature during the last thirty or forty years.’ 
“_.. certain ambiguities in the definitions of fundamental electrie 
and magnetic quantities.’ 


To speed the adoption of the shop units as the normal, pre- — 


ferred, universal system, the legalizing acts for metric and elec- 
trie units, in the United States and other countries, should be 


2. I cannot see, from the paper under discussion or from other reports of 
the deliberations of international committees, that the great advantages of 
relegating the c.g.s. systems to history in favor of a single, preferred system 
of units, based on the meter, kilogram, second and shop ohm, have ade- 
quately been considered by, or even clearly presented to, any of these 
committees. Many of their votes, therefore. seem to me to lack finality. 
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consolidated, revised and amplified. That the required changes 
are small is illustrated by the accompanying table.® 


A DEFINITIVE CHOICE OF MECHANICAL, ELECTRIC, AND 
MAGNETIC UNITS SUITABLE FOR A LEGALIZED SYSTEM 
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Symbol and 
Unit name defining 
Quantity (bracketed names to be shortened) equation 
emer oy Sets cbsiteh scarey au INGCOE NF istare Mors Lede scieteh.c/ Ae wievoysyeis L 
PMO cis SP mis cla, oto S10 [square meter] = square meter...... S = ibe 
SSMVOMUING on ese occ Sms se stere = cubic meter............... Vi ="ES: 
PEMBULIIO Ge Ae cieie vie cman ec SOCONGM eee rok eae saad oa the 
EDO W.OL s/c Dele tela ais ats oils Wa LU Ston) aeetsy tts om inde ke kiattctandiens. 6 ie 
6 energy..... EI OULO megs HehOt An cs shoe ivars evan ore ar eeavess W =PT 
PMLOLCO ook eho fy occ 0,0 [joule persmeter.., «uc. s.5.0.06 0 0.256 F =WL-! 
SP PECSSULC. cle ct ccs. 6 oi «1 {joule per meter per square meter]..p = FS- 
(3) SAE ENSS) oe SE 2 a ce Psillogram [ee se eae she teectee aes nlecee M = Fa" 
10. density. :....... .....[kilogram] per stere....:...........d =MV-! 
Pe CLOCUMCILY as, sta a CCOULOIMD * i ).acers ele wareiea ne oe susie oie 
12 electric current....... BINDSLS Cy ee ee hes eS I = QT" 
13 electric potential...... VOLEER ete te ane pane ee ie, © E =woq- 
14 electric capacity...... Tgp ye erent ty | ae ees SMe ae G =QE> 
15 electric resistance..... Ciencia aco Se Peale a eee See jg SB 
TGmelocene conductance. «MhOs... a. cces os n- ocak oe ee G =IE- 
iwgnerectmc inductance). ).s Henry +: och hoe ite he onsle ee ‘Soe eheks 
18 magnetomotive force. .ampere-turn*..................--. F = NI 
19. magnetic flux......... Volt-second yy -. e..0 ccc ace Neees se ® =ET 
20 reluctance............[ampere-turn per volt-second]....... QR =fe-1 


a = acceleration in meters per second per second. 
*The five starred units are to be about one-fiftieth of one per cent smaller 
than the corresponding international units. 


The general adoption of these units should make it unnecessary 
to become familiar with more than one system of units. This 
would release human effort and soon eliminate the waste and 
confusion which are a necessary consequence of our present 
multiplicity of systems. Although the proposed single system of 
units merely is a selection and a re-alignment of present units, it 
is not a patchwork expedient. It would sweep away at one 
stroke all of the major difficulties set forth in Doctor Kennelly’s 
paper. 4 

Doctor Kennelly follows the international committees in con- 
sidering that the classical c.g.s. magnetic system has been ‘“‘en- 
dorsed, beyond any question of modification, by the Paris Con- 
gress of 1900.” The literture of physics actually shows, however, 
that physicists do not consider the c.g.s. electromagnetic system 
of units suitable for all their needs. Theoretical physicists have 
substituted the Heaviside-Lorentz systems. Experimental 
physicists actually make great use of wattmeters, ammeters and 
voltmeters, together with the farad, ohm and henry. Funda- 
‘mentally, the choice today is between e.g.s. authority and free- 
dom to use the units which actual experience has shown to be 
“simpler to think with and work with than those of the classical 
¢.g.s.”’ 

C. L. Dawes: Professor Kennelly’s paper gives a very concise 
and yet comprehensive presentation of the developments and the 
present status of the I.E.C. and associated committees in the 
matter of the standardization of the ¢.g.s. magnetic units, both 
in their dimensional relations and in nomenclature. Likewise, 
the paper states that although practically unanimous agreement 
has been reached in the retention of eight of the practical units, 
yet names and even definitions have not as yet been assigned to 
the other practical units such for example as mmf. 

Progress has been made in that definite names have been 
assigned to the ¢.g.s. magnetic units of flux, flux density, mag- 
netizing force and magnetomotive force. Moreover, distinction 


3. This table is taken from the manuscript of a paper under preparation. 
The same units have been discussed in ‘‘Three Superfluous Systems of 
Electromagnetic Units’’ Physics, Vol. 3, No. 5, November 1932, pp. 230-239, 
and ‘‘A System of ‘Definitive Units’ Proposed for Universal Use’’ Science, 
Vol. 61, April 3, 1925, pp. 353-357. 
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between the controversial units of B and H decisively is indicated 
in their being assigned the respective names of gauss and oersted. 
Also the troublesome question of the dimensions of permeability 
Lt appears to be settled by convention in a very rational manner. 

However, so far the c.g.s. unit of reluctance is not named; 
it would seem highly desirable that a name be assigned to this 
unit, not only to complete the nomenclature of these related 
units, but also it is convenient to refer to a unit by name. The 
name itself is not material so long as it is in general harmony 
with electrical and magnetic nomenclature. It is the appro- 
priate custom to name the units for savants and the name Weber 
appears to be the best adapted to this magnetic unit. In the very 
early days the name Weber was used as the name of the practical 
unit of quantity and later as the name of the practical unit of 
current; in more recent years it has been used unofficially in this 
country as the name of the practical unit of flux, but the names 
“voltsecond” and ‘‘pramaxwell,’’ make the name Weber no 
longer necessary for the unit of flux. Hence the name Weber 
appears to be available and could be well recommended as the 
international unit of reluctance in the ¢.g.s. system. 

It also would seem highly desirable that all the remaining 
magnetic and electrical units of the practical system be defined 
and named. This system is the most used by engineers and 
yet there has been little or no attempt to give names and defini- 
tions to the magnetic and electrostatic units (except henry and 
farad). In this respect I am in substantial agreement with Doctor 
Campbell. 

I believe, however, that the factor 477 should be retained 
in the practical unit of mmf. This is in accord with proposition 
(7) adopted by the S.U.N. committee in Paris in 1932. Al- 
though a practical system should lean towards usefulness rather 
than toward a rational and fundamental derivation, it is ques- 
tionable if the factor 47 does produce any more inconvenience 
when it appears in the numerator than it does when it appears 
in the denominator either in the physical dimensions of the 
magnetic circuit or in the permeability of vacuum. The author 
recommends the ampere-turn as the unit of mmf, stating that 
in engineering uses of magnetic materials their properties are 
given as data and curves in which the permeability factor is 
included, so that the 47 term in the denominator causes no 
inconvenience. This same condition has existed for a long time 
even under present conditions where the ¢.g.s. unit of mmf 
having 47 in the numerator is used. As is well known it has 
long been customary in scientific work of all kinds to plot the 
flux density as a function of the ampere-turn per unit length. 
Hence so far as such data or curves are concerned, it seems im- 
material whether 47 appears in the numerator or in the denomi- 
nator. 

Furthermore all the present units of the practical system have 
a definite relation to the fundamental ¢.g.s. system, the unit of 
length being 109 em and the unit of mass 10-“ gram. Elimina- 
tion of the 47 factor in the unit of mmf will break this rational 
relationship between these two systems, which I believe increases 
confusion and is thus highly undesirable. 

With several years’ experience, it appears to me that the so- 
called confusion which the 47 factor produces, even among 
students, is exaggerated greatly and is far out of proportion to 
the efforts being made to eliminate it. The physical picture of 
a unit charge or unit pole emitting 47 lines in a medium whose 
absolute permittivity or whose permeability is unity is simplicity 
in itself. In fact, to my mind this picture is a much more rational 
one than attempting to visualize a unit charge or a unit pole 
emitting only a single line and in a medium whose permeability 
is 477. Moreover, the unit charge and the accompanying 477 
lines lend themselves very readily to the very fundamental work 
and potential relationships which are necessary in the derivations 
of electrostatic potentials and capacitances. 


Only very recently I asked two of my classes one of which 
was composed of students who had only just begun seriously 
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the study of magnetic and electrostatic units, whether or not 
the 47 lines emanating from unit poles or charges, was at all 
bothersome. They unanimously stated that this convention was 
very clear to them, in fact was much clearer than the unit line 
per pole or unit charge. In fact, it has long been our experience 
that students who are beginning electrostatic and electro- 
magnetic studies have become greatly confused in attempting 
to use text books where the ampere-turn and the unit line per 
unit charge conventions are used. 

Hence, it is in accord with my experience that the retention 
of the 477 term in the practical unit of mmf would simplify the 
understanding of magnetic relationships rather than confuse 
them. 

I am heartily in sympathy with Doctor Campbell’s ‘‘defini- 
tive’ system and the simplicity which it implies, with the 
possible exception of the unit of mmf just discussed. However, 
I do not believe that the two fundamental ¢.g.s. systems should 
be disearded or even thrust too far into the background, since 
their units are derived in a simple manner from very fundamental 
postulates; moreover, even if the “‘definitive’’ or an equivalent 
system were legally adopted, I believe that these two funda- 
mental systems still would be found to be very useful in certain 
types of scientific work. 


S. L. Gokhale: The paper divides itself into two parts: 


1. A summarized history of the subject up to the present date. 
2. Recommendations by the author as to further changes. 


The first part contains a table of symbols and units (Table I) 
suggested by the S.U.N. Committee, and reeommended by them 
for adoption. Doctor Kennelly agrees with the opinions of this 
committee except on the question of rationalization; that is, 
Doctor Kennelly stands for omission of the factor 477 in the equa- 
tion § = 497 NI, while the S.U.N. Committee has decided to 
retain it by a vote of 10 to 3. 

Table I, column 3, contains what seems to be the defining 
equations of the concepts in column 1, although they are not 
specifically called by that name. Construing them as defining 
equations, we find that their sequence is the reverse of that of 
the scheme adopted by the J.E.C. and A.S.A. The I.E.C. and 
A.S.A. first define m the magnetic pole strength. From this 
they derive H and from H, § and from §, J. The S.U.N. on 
the other hand first define J and from this they derive $, and 
from $, H. Therefore, the agreement between the I.E.C. and 
the I.U.P. (International Union of Physics represented by the 
S.U.N.) as stated by Doctor Kennelly appears to apply to the 
names of the units and their magnitudes. I hope that it will be 
possible to work further with a view of arriving at an agreement 
as to the sequence of the definitions. 

With reference to the omission of 47 in the equation § = 471, 
and its transfer to the equation B, = 47H, it may be conceded 
that a large number of scientists favor the omission on the basis 
of the dimensional conception of permeability, but the point 
still is unproved. 

The practical advantages of omitting 47 are more apparent 
than real. For instance, in machine design where the magnetic 
cireuit is partly air and partly iron, the 47 cannot be eliminated 
from the computation, for if it is suppressed in the calculation 
of the iron part of the path, it will reappear in the air part. In 
only a few instances, such as design of transformers without 
leakage, can the 477 effectively be suppressed. 

There are other cases in which, though the 47 does not enter 
into the numerical computations, has yet to be included in the 
new form of the equation, and it is possible that it may be for- 
gotten, until the old practices are forgotten and new practices 
formed. For example, in transmission line calculation, engineers 
would have to use the formula 
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in place of the present formula 
d 
2u1 log oe (where “ = 1) 


without the 477. 

The best policy under the present situation, is a policy of 
compromise, which permits both parties to hold to their re- 
spective views, without interference from the other party. The 
decision of the I.E.C. in 1930 was the best possible compromise 
under the circumstances. It permitted one school of thought to 

. 
; 
: 
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assume the physical identity of B and H and to use the equation 
B = H for space. This equation, though not obligatory to the 
opposite school, is permissible for them on the hypothesis that 
Mo has been given arbitrarily the value of 1. The compromise 
also permitted followers of the dimensional conception of per- 
meability to use separate names for the units of B and H. 
Such a policy, though not obligatory to the non-dimensional 
scheme is quite permissible. This situation might have continued 
indefinitely without a conflict between the two schools until the 
question of dimensional character of permeability and the conse- 
quent difference in the physical nature of B and H could definitely 
be settled. An attempt to introduce 47 into the equation 
B, = 47H at this time would compel the followers of the non- 
dimensional school to abandon the idea of B and H being physi- 
cally identical, together with the equation B = H. It seems to 

me that in proposing the change Doctor Kennelly is now going ~ 
against the spirit of that compromise, which governed the 
decision of the I.E.C. in 1930. He admits, however, that the 
change should not be made on the basis of a- narrow margin of 
votes as in the I.E.C. resolution of 1931, (R.M. 97).4 

With reference to the substitution of the meter for the unit 
of length in the practical system, while there may be theoretical 
reasons for advocating this, I feel that in practise it only would 
add further confusion to the present condition by ending in 
giving us a third system in addition to the present two. 

Hans Lippelt: During the discussion of the paper the use of __ 
“‘shop units” in preference to scientific units has been advocated. 
We do have shop units already, and I.think this is a good op- 
portunity to point out that some of them are bad. For illustra- 
tion I wish to refer to the lb, which is often used in the shop as 
the unit of the mass. But it is utterly wrong to do so. The 
unit of the mass is lb-ft-1 see?. If that term is too cumbersome 
for practical use, then let us find a short name for it and a 
symbol. 

In going over the whole list of shop units, others also will be 
discovered which cannot bear scrutiny in the light of logic and 
accuracy. (For instance secondfeet, secft, is used for cubic feet 
per second.) I think that all such faulty units should be amended 
to become a true expression of their physical meaning. When 
short and new names for such units become necessary, exact 
definitions should accompany them. 

Such a purging process should, indeed, be extended also to 
our technical seript. It is customary to write sin-!x* to express 
an angle @ whose sine is z, a method which is not compatible 
with the definition of a negative exponent as given in mathe- 
Under this mathematical definition 
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sin-z is equivalent to 


ine x 
and to nothing else. 
If internationalism in the language of science and engineering 
is not objectionable, but striven for, then we might just as well 
accept the method as used in Europe. 


4. Unconfirmed minutes of Meeting Section B on Elec. and Magnetic 
Units of Comm. No. 1, held in London, Sept. 18, 1931. 

*The reader may answer that I have myself used this wrong method 
of writing. See A.I.E.E. Trans., Feb. 1926, p. 408, col. 2, last line. My 
manuscript was correctly written. I had to change these mathematical 
terms to the customary form, to render my paper acceptable to the 
committee. 
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They write ares in x for an angle (are), @, whose sine is z. 

Ar Sin y 
or Ar Sin y 

W. I. Slichter: In this paper there are two matters of very 
great interest to teachers of electrical engineering because they 
involve the setting up of two new conventions, different from 
previous practise and because it is the duty of the teacher to 
prepare the future generations of engineers to accept and use 
these conventions. 

The first is the question of the algebraic sign and the vector 
representation of reactive power and explicitly: shall inductive 
reactive power be designated by + j and drawn upward from 
the horizontal axis in vector diagrams? Either sign or direction 
may be justified mathematically and scientifically depending 
upon whether we take current or voltage as our reference vector. 


for the hyperbolic angle (area), V whose hyper- 
bolie sine is y. 


The paper indicates that the international committee prefers 
a positive sign and upward direction for inductive reactive power, 
which means taking current as reference vector. This is probably 
quite satisfactory to those engaged in communication engineer- 
ing. But those engaged in power engineering are dealing almost 
entirely with nominally constant potential circuits with one 
voltage common to all the circuits of the network and they 
therefore naturally think of voltage as the reference vector. 
In this case an inductive load means a lagging eurrent and this is 
so common that we frequently hear the terms “‘lagging load’’ 
and ‘“‘lagging power factor’’ where lagging means inductive. 
Thus these people would naturally prefer the negative sign and 
the downward vector for inductive power and the converse for 
anti-inductive or capacitative reactive power. The final choice 
primarily is one of suiting the habits of the majority of users 
or that which will involve overcoming the least amount of mental 
inertia. 

The other question involves taking the constant 47 or 0.477 
out of the magnetomotive force and putting it into the reluctance 
in the formula for the flux in a magnetic cireuit. This again 
easily is justified scientifically if we ignore the very early de- 
velopment of the art, but more important, this change would 
put the law for the magnetie circuit in a form similar to that for 
the electric circuit and the dielectric circuit and make for uni- 
formity and therefore for clarity, logic, and ease of teaching. 
Moreover, this is done already in most practical applications 
for every one of our magnetization curves of magnetic steels is 
plotted between flux density and ampere-turns and not gilberts 
or 0.47 ampere-turns. Here the mu and the 0.47 are made part 
of the reluctance or reluctivity of the material and the curves 
give us immediately the ampere-turns which is the quantity of 
practical interest, and not gilberts. If this change were adopted 
we would have the three outstanding relations in electrical 
‘engineering expressed in a similar manner: 
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A. C. Seletzky: Whether or not + 7 vars or — j vars should 
be considered as representing inductively reactive power in 
unspecified alternating current right-angle triangles will probably 
be decided on the basis of whichever usage predominates in 
present practise. Both forms may be justified from the view- 
point of mathematical consistency. In view of the fact that 

_ + ja has been internationally accepted for some years to repre- 
sent inductive reactance, inductively reactive power in the form 
of [?(jx) would eall for a positive sign, current being considered 
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the axis of reference. On the other hand if the voltage were used 
as the reference axis, inductively reactive power in the form, 
E? (— jb), would require a negative sign. 

In spite of the fact that capacity loads are encountered in 
practise, I have observed that engineers generally think sub- 
consciously of reactive power as inductive when it is unspecified, 
by sheer weight of its more frequent occurrence. Since we 
generally label quantities, which occur more frequently on one 
side of an arbitrary line of demarcation as positive, the use of the 
plus sign to represent inductively reactive power would seem to 
be the more convenient form. An analogous situation is present 
in the consideration of positive angles as those which are drawn 
counter-clockwise from the positive axis of abscissas. Invariably 
when one is demonstrating anything involving an angle in space, 
one begins by drawing an angle in the first quadrant counter- 
clockwise from the real axis: it is very probable that this usage 
grew from manual convenience in drawing angles in this manner 
and then led to the general acceptance of such angles as positive. 
It seems that a similar condition obtains in the case of reactive 
power and that inductively reactive power, from the standpoint 
of convenience alone, should be considered positive. 

A. E. Kennelly: Doctor Campbell has well pointed out the 
advantages of a single system of units over the existing multitude 
of systems. He advocates extending the present series of nine 
international practical units (ohm, volt, ampere, ete.) into a com- 
plete comprehensive and so-called absolute system, embracing 
the meter, kilogram and second, with no separate electrostatic 
system, and with the ampere-iturn as the official unit of mmf.; 
7. €., With the system subrationalised. His ‘‘Definitive System,” 
substantially the same as the Giorgi system, would be a great 
boon, if it could be used both in physies and in engineering, to 
the exclusion of all other systems. In detail, there is some ques- 
tion whether the international ohm should be taken at its existing 
value; or whether it should be first brought more nearly into 
agreement with the so-called absolute ohm of 10° abohms; but 
this is a subsidiary question, outside of immediate discussion. 

Professor Dawes points out that there is need for a name to 
be assigned to the c.g.s. magnetic unit of reluctance, now that the 
oersted has been taken for the unit of H. There are many who 
agree with him. It is to be hoped that a name for the e.g.s. 
magnetic unit of reluctance may be internationally agreed upon 
and adopted. ; 

Professor Dawes supports Doctor Campbell’s definitive sys- 
tem; except that he wants it left unrationalised, like the existing 
¢.g.s. magnetic system. It was Heaviside and Lorentz who 
showed the marked advantages of rationalisation; so that a large 
part of electromagnetic theory is today written in the Heayi- 
side-Lorentz ¢.g.s. system, instead of in the classical ¢.g.s. sys- 
tem, owing to the simplification thereby effected. There are 
thus two sects among basic electromagneticians; namely, the 
e.g.s. classicists and the ¢.g.s. rationalists. The question will 
have to be settled internationally, sooner or later, whether the 
applied electromagneticians, using practical magnetic units, are 
to be elassicists or rationalists. It is not a question of what is 
right or wrong; but as to the relative balance of advantages. No 
classicist should be forced to use rationalised units against his 
will, and reciprocally. In view of the existing schism in the basie 
literature, and of the considerable difference of opinion that 
exists among engineers and technicians in regard to the practical 
units, it looks at present, as though we might have to recognize 
the existenee of both classical and rational practical units; 2. e., 
both of the ampere-turn and of the ampere-turn/47, and allow 
both these sub-systems to continue side by side, until inter- 
national opinion shall have erystallized in favor of one of them; 
when the other can be formally discharged. This is virtually the 
state of affairs today in the basic e.g.s. world literature. Not 
only are opinions on this question of subrationalisation different 
among electrotechnicians in different countries; but there appear 
also to be differences of opinion in each of nearly all countries. 
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Mr. Gokhale points out that we still are unable to decide on 
scientific grounds, whether space permeability UM. has or has not 
dimensions. We probably will all agree with him on this. There 
are good authorities on both sides of this vexed question. Ulti- 
mately, of course, there can be only one answer. Space permea- 
bility Mo either is a mere number, or it is not a mere number. 
The question is of less importance to the engineer than to the 
physicist; but neither engineers nor physicists can use their 
symbols, units, or definitions logically, without coming to a con- 
ventional agreement upon the question. In the present state 
of our knowledge of electromagnetism, it probably is better to 
adopt an international convention, even if it should later be 
proved wrong, than to carry on indefinitely the confusion of the 
last thirty years. Thus far, we have had an agreement both in 
the I.E.C. and in the I.P.U. on the convention that Mo has 
dimensions, and is not a mere numeric. 

Mr. Gokhale also properly draws attention to the need of 
standardizing internationally the definitions of our magnetic 
quantities. It is very desirable to have this done. The defini- 
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tions we still cling to are based upon the classical conceptions of 
magnetic poles, consisting of magnetic point sources. Most 
physicists admit the validity of these concepts and of the defi- 
nitions resulting therefrom; but less artificial and more acceptable 
definitions might be arrived at on the basis of concepts of mag- 
netic flux, obtained from the researches of Ampére, Faraday and 
Helmholtz. 

Professor Slichter has drawn attention to the desirability of 
having an international convention as to the interpretation of 
right-angle power triangles when they do not specify the meaning 
of lagging power. Should lagging power, or — 7 power, be taken 
to mean inductively reactive power, or the reverse? Here again 
is a need for a convention, and not a decision as to right or wrong. 
He favors lagging power going along with lagging current. 
General opinion among engineers seems to agree with him. Mr. 
Seletzky, however, seems to be of the opposite opinion. There 
probably is no large majority of opinion on this question; but it 
should be settled as a convention, for general convenience among 
engineers, and to avoid confusion. 


Emptrical Equations for the Magnetization Curve 
BY JAMES P. BARTON* 


Associate, 


Synopsis.—An empirical equation is derived expressing the 
permeability in terms of the flux density over an approximate range 
of 100 to 6,000 gausses. The equation is of the form; & = PB and 
ts shown to apply to a variety of magnetic materials including cer- 
tain alloys. Its greatest range appears to be for silicon content 
electrical sheet steels. A table is given listing the values of the coeffi- 
cient and exponent for magnetic materials of various grades. Several 


INTRODUCTION 


HE design of magnetic circuits can be materially 
assisted by being able to express therrelation between 
electric current and magnetism by means of equa- 

tions. Numerous attempts have been made during the 
past century, and for the last 50 years the law formulated 
by Frolich? has been accepted as representing most 
closely the above mentioned relation. In the course 
of his study, Gokhale! has stated an equation that 
closely reproduces the measured data for that part 
of the 6-H curve above maximum permeability and 
including saturation. 

But practically all of the work reported has been in 
the region between maximum permeability and satura- 
tion, leaving that part of the 6-H curve between maxi- 
mum and initial permeability without a satisfactory 
expression. It is the purpose of this paper to present a 
simple equation derived experimentally, covering this 
part of the curve. As will be shown, the equation holds 
for commercial electrical sheet steels with silicon con- 
tent, nickel-iron alloys, electrolyte iron and a cobalt- 
iron alloy. In the careful examination of the available 
literature on the subject, no reference has been found 
covering the procedure reported herein; consequently it 
is felt that the subject matter may be of value to those 
interested in magnetics. 


Last of Symbols and Nomenclature 


B- = flux density, in gausses 

8 = intrinsic flux density, in gausses (B-H) 
H = magnetizing force, in oersteds 

= intrinsic permeability (8/H) 


1/yu = reluctivity 
DERIVATION OF EQUATION AND GENERAL METHOD 


In the course of study on simplified methods of design 
for magnetic circuits, it was observed that the ratio of 
permeability to the square of the flux density appeared 
frequently and was of considerable design value. In 
plotting this ratio versus the flux density 6 on log-log 


*Phelps Dodge Copper Products Corporation. 

9. For references see end of paper. 

Presented at the Winter Convention of the A.I.E.E., New York, 
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curves and tables explain the salient features of the method. An ex- 
tension of the method of derivation to other parts of the magnetization 
curve indicates their expression by similar laws or equations. Theo- 
retical considerations lead to an hypothesis of four phases of mag- 
netization coupled by three transitional phases for the entire magne- 


tization curve. 
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paper, it was noticed that apparently a linear relation 
existed over quite a wide range of flux densities. If 
this was so, it gave a means for expressing the permea- 
bility in terms of the flux density over this straight part. 
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Fie. 1—Puor or u/8? versus 8B, AND mu versus B 


For a 4 per cent silicon sheet steel, 29 gage, from data contained in: 
Table I. yu /6? = 93.8 -1-53 


The derivation is best shown by reference to Fig. 1. 
The equation for the straight portion is of the standard 
form Y = PX” where P is the ordinate intercept of the 
straight portion extended and M istheslope. From Fig. 
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1, substituting the equivalent designations for X and 
Y, gives the basic equation 

p/p? = Pp (1) 
It will be observed that the flux density is the indepen- 
dent variable and the permeability, the dependent, with 
P and M being quantities whose values depend upon the 
nature of the material and are determined by graphical 
and analytical means from the curve. The values once 
determined for a given material allow direct calculation 
of the permeability as a function of the flux density, 
the equation holding over the straight part of the curve 
and for that material only. The data for the material 
are obtained from a sample selected to give the average 
characteristics. 


TABLE I—DATA FOR SAMPLE NO. 2 AND CURVES OF FIG. 1 
pw’ = 93.8 po-47 
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1'600:- Oar nee ODS aa 0 O4 Bee oS il Omen teas 2,910.. 1.62 
2,044..0).35253;280 8.08. 0:624=.>. 0785-10 sia. 3,260. . 0.61 
Byt Leni ned Co Oni misie O728. 50.50.10 =e Saison. — 0.1385 
eo OU. Sobre LOLA te. 0.824 ...0.359-10-3 ..... 4,120 — 0.243 
4,280 .0. .2.44,520..... 0.945 ...0.246-10-3 ..... 4,610 — 2.00 
4/950 .O0)8 nets 1 901 ose 10300350195 105 tree 4,920 — 2.72 
LU SO amie wie OOO .os ere Lit Ones Onl G21 Onc uneer eet 5,220 — 4.40 
6.35030; £28 65;100..55- 12245 25.0 s126-10 =e beee 5,545....— 8.84 
£5200, .0 85s Of LOOk seer 1.395 ...0.096:10-3...... 5,900.... —14.6 
98,0000. 4,715.5 56 08-910) ©, 0. 0582-1054, -. 6,490.... —37.7 
103730209). 443,055....3 2.94 ..0.0318-10-%..... 7,120.... —95.0 


The per cent deviation gives the difference between the calculated per- 
meability uw’ and the measured permeability uw, by the expression 100 
(u —p’)/p. These data are for a medium grade 4 per cent silicon sheet steel. 


Equation (1) may be written in several obvious forms, 
as 


w/e? = 1/H 8 = 1/nH? = Pp™ (la) 

fie ted gat (1b) 

H = °/P (1c) 

where: a = 2— M and c = M—1. It should be ob- 


served that the slope of equation (1a) is negative while 
for (1b) and (1c) it is positive. 

The data for Fig. 1 and Table I were obtained on a 4 
per cent silicon sheet steel, 29 gage, using the tentative 
standard of the American Society for Testing Ma- 
terials, low induction testing method A34-28, section C 
(1931 bridge method) on a frequency of 60 cycles, with 
several of the circuit elements changed to allow use of 
the bridge up to 12,000 gausses. The flux density 
range covered is from 10 to 10,700 gausses, with the 
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apparent linear portion of the curve between 90 to 
5,000 gausses. The equations for the latter flux range, 
using (la), (1b) and (1c) with the slope M equal to 1.53 
and the intercept P equal to 93.8, are 
p/B? = 93.8871 w= 93.88°* H = 0.01065 p°*? 
With the equation established for the straight part, it 
is desirable to see how closely it reproduces the original 
data. In Table I, the 6 and yp columns give the original 
data, with the rest calculated. The permeability yu’ 
is that calculated by (1b). The deviation of the caleu- 
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Fig. 2—Puor or p/B? versus B, AND 1/p versus H 


For a poor grade of 4 per cent silicon sheet steel, from data contained in 
Gokhale’s! paper (Table I and Fig. 1) 


lated from the measured curve is given by: 100 
(u— m’)/u, in per cent. At the flux densities of 100 
and 5,200 gausses, the accuracy of reproduction is plus 
or minus 3 per cent, while between these limits the 


numerical value is considerably less, amounting to. 


about the value of the accumulated errors. 

In Fig. 1, the 8 — uw curve is shown in relation to the 
8 — p/p curve. It will be observed that the apparent 
range of the straight part is much greater for the 
4/8? curve than for the u curve. By analytical geometry 
the ratio of the ordinates and the ratio of the lengths of 
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TABLE II—COMPARISON OF MAGNETIC CHARACTERISTICS OF VARIOUS MATERIALS 


Flux density 8 


Sample Ave Range Equation 
No. Name % si Je (2— M) Be” covered range Hmaz at B gausses 
AeA werd ceag's oUt de woe ta cactiee Le af 2s, See eases LOL - 238053 0. 360 5a. SOO Gs oe cn 10- 1,000...... 60-1,000 
eRe Te Ie AU rs tS Coe ee 2 eae DSN BR or. ae 0.46645 772 BOS 10-10,800...... 90-5,000...... §, Tale 7,200 
Ctr oters vehi OMe creme ere crt teem are te eke Sal ne PE a Tonk pateeee 0: 550%- 1,000. . 100-16,000. . - 100-6,000...... 90005, aa 7,500 
ASR es His Armco radiouNo.i5:. 2h nce. 2 Ca 329 Gaee.% O 29032528 760.. 1O=- 00057: 55.3 30-1,000 
DP iereiias se alee Sheet steel Vee on oe woeke e's MONG ost 235612. oa Opti e Se S33 ces 500-20,200...... 500-6,000...... 3,440..... 8,600 
Gosae aed oes Electrical sheet steel .......... z SH Steen LY O6see7 O2557 tee S663 52550 400-17,600...... 750-6,000...... 1400. 8,000 
Bids Ries sakes Follansbee Radio A........... SV eK. i EDD) ese O44 232 223 95055. 3h. 20-2200. .2% 3 80-2,200 
oe ea Sicha aor Follansbee Radio B........... BS Joa Bel sear 155 we eigen 0.44 so 1,025 va. as 40- 2,400 100-2,400 
in AS ace telat Follansbee Radio C........... Bas = oak LOY ee Os4i Plea: 650. 20- 2,400 40-2,400 
LOE aes «Se mis (AS=D ENG Mepe sts: Sel ceie ee eae. O71 yi) + Sarees O.445 2.3. 2% 30502... .%% 4- 8,100...... 40-2,500 29,000..... 3,100 
Viteeeetere cr 3 Parse NEE One r eh AEA eS sais fone ctalats alee creer a D5 She Sere O2(68'a 200 1220) eae 170-12,200...... 170-1,500...... 1,040 So 2,610 
1 On Sects reign Lectroly HE avOneNere.. ee Ace ss. sees fbi beortplne 0 O2566 .-0 2. €,200 72a 1,450-21,000......1,450-7,500...... 18, 5000-2 9,250 
Ss Pele aes: 20-80 Co-le asta bigite See f.,. 1S) Ne ZA 8: Paes 0.555255. 5S5* suerte 350-23,200...... 350-3,800...... 2,580. 7,750 


Samples 1, 2 and 3 were measured in laboratory. 


Sample 4 data from Armco curve No. 2040, from Bulletin ‘‘Armco Electric Sheets for Radio Applications.”’ 
Samples 7, 8 and 9 from Follansbee standard published sheets, R-1002-E, R-6002-E, and R-7002-E, respectively. 
Samples 5, 6, 11, 12 and 13 from Tables IV, I, IX, VI and X, respectively, S. L. Gokhale’s Law of Magnetization, Trans. A.I.E.E. 


The permeability ” is that for the lowest value of flux density given in the column ‘‘range covered.” 


of permeability and the flux density at which it occurs. 


_ the curves can be obtained from the slopes, for the same 
range of abscissa. For this sample, Fig. 1, and the same 
flux range, the u/6? ordinate is 3.29 times the py ordinate. 
Likewise, the length of the u./6? curve is 1.66 times that 
for the u curve. Being able to spread out the magne- 
tization curve by use of u/8, tends to increase the 
accuracy in drawing the mean curve. Thus it may be 
said that the coefficient and the exponent for the equa- 
tion are obtained by expansion of the curve; then by 
simplification of the equation a contraction of the curve 
results when plotted to the same abscissa scale. It 
should be observed that multiplying equation (1) by 6? 
changes the slope from negative to positive, giving 
equation (1b). 

Besides showing that this equation held over the flux 
range in question for measurements made in the labora- 
tory, a considerable amount of published data was 
carefully examined, part of it being listed in Table II. 
Some of the data fell slightly short, either in the high or 
the low flux densities of fully covering the part of the 
magnetization curve being investigated. In all cases, 
however, the straight part existed. In most cases the 
' deviation in reproduction was less than plus or minus 1 
per cent over a wide range of flux densities. This equa- 
tion appears to hold equally well for data taken by 
direct or alternating current methods. 

Continuing with Table II, it will be noted that the 
coefficient P covers quite a wide range of values, while 
the exponent M does not vary so greatly. If it is con- 
sidered that initial permeability exists at a flux density 
of one gauss, then the coefficient P becomes the calcu- 
lated permeability. See equation (1b). As the true 
8 — wu curve approaches 6 = 0, it becomes tangent to 
the ordinate value corresponding to initial permeability, 
whereas the calculated curve is straight and intercepts 
this ordinate at an angle, when plotted on log-log paper. 
Thus the calculated permeability is less than the true 
permeability, for 8 = 1 gauss, and P can undoubtedly 
be used to rate a sample of steel as to the relative magni- 


The last two columns give the maximum value 


tude of its initial permeability. Just how far this idea 
can be carried will have to be determined for a large 
number of samples. 

The data in Table II for P show an application of this 
idea, and can be seen for samples 1, 2 and 4 at ten 
gausses, and samples 7 and 9 for twenty gausses. Also, 
the two samples 5 and 6, which are poor grades of steel, 
have low values for P, the permeability being very low 
even at 500 gausses. Again, referring to samples 10 and 
11 for nickel-iron alloys, 10 is particularly good with a 
permeability of 3,050 at 3 gausses, whereas sample 11 
has a permeability of only 1,220 at 170 gausses. These 
values of P for 10 and 11 are in keeping with the above 
mentioned idea and show how superior sample 10 is to 
11 as a high initial permeability material. It is de- 
sirable to point out that the data on the various ma- 
terials of Table II were selected from among many 
published and laboratory measurements to show that 
the method was general, holding for good and poor 
grades of silicon sheet steel and various alloys. 

Just what function the exponent M may infer as to 
the nature of the material, or a clue to its properties, is 
not clear at this time. 


EXTENSION OF METHOD TO OTHER PARTS OF THE 
MAGNETIZATION CURVE 


It is of interest to compare the yw /8? versus 8 graph of a 
magnetization curve with that of the 1/y versus H 
graph, which is an expression of Frolich’s equation. 
See Fig. 2. The data selected are from Gokhale’s paper! 
(Table I, Fig. 1). As the material is a very poor sample 
of sheet steel, the straight part is rather short and lies 
between 900 and 5,000 gausses, giving the equation: 
u/8 = 11.068-'**. The low valued coefficient indi- 
cates the very low initial permeability. 

Continuing with Fig. 2, there appears a second 
straight part, between maximum permeability and 
saturation, which lies between that region investigated 
by Kennelly and that by Yensen. The equation for 
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this sector involves very large numerical values for the 
coefficient and exponent, as is evidenced by the nearly 
vertical slope. The third straight sector is vertical and 
is that part for which (@) is constant, 7. e., saturation. 
These two sectors and the connecting part are ably 
covered by Gokhale’s! equation (30-2): 8 =S(1—be~*”). 
The equation for the second sector involving the large 
valued coefficient and exponent, reproduces the curve 
very closely. 

The only apparent straight part of the reluctivity 
curve, Fig. 2, is in the vicinity of and including satura- 
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Rie. 3—Puor or p/P? versus B, AND 1/p versus H 


For a good grade of 4 per cent silicon sheet steel, from data contained in 
Table LiL 


tion, and can be expressed by the equation: 1/u = 60.5 
H°** 10°. Comparing the accuracy of reproduction us- 
ing this equation versus the reproduction data calculated 
by Gokhale’s! (Table I-III), indicates that the former 
gives about half the accuracy of the latter, both operat- 
ing over the same range. Noted on the reluctivity 
curve, Fig. 2, is that part reported in this paper, 
gw = 11.06 p°*. 

The reluctivity curve has been shown by Gokhale! 
to be quite insensitive to variations in magnetic charac- 
teristics, and it only appears as a straight line when 
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saturation is approached. Many text books, when 
showing the magnetization curves, use co-ordinate 
paper with scales so arranged as to crowd the low induc- 
tion region, seemingly to indicate that the only region 
of interest is above maximum permeability to satura- 
tion, whereas all portions of the 8 — H curve are equally 
important. It is this latter range that appears as a 
straight line when plotted to the same scale to illustrate 
Frolich’s law and which is misleading in appearing to 
cover the entire 8— H curve. The use of log-log or 
semi-log paper for expressing the magnetic relations 
has been more private than public. It is urged that 
wherever expedient, the log-log and semi-log papers be 
used, especially in text books so that the magnetization 
curve may be revealed as completely as possible, with- 
out favoring any one section. 

In Fig. 3 are shown curves for a 4 per cent silicon 
sheet steel of good quality, in the flux range of 100 to 
16,000 gausses. The equations of u/8? versus 6 for the 
two straight parts on either side of maximum permea- 
bility are given. For the reluctivity curve, it appears 
that the region above maximum permeability, for this 
material, can be expressed by an equation of the same 
form as discussed for Fig. 2, with the range considerably 
increased. It is interesting to note that the reluctivity 
curve is not as straight below maximum permeability 
as itis above. By drawing in the average straight line, 
it was found to intersect the extended straight line from 
the other straight part, at maximum permeability. 
This has been observed for several other samples and 
may be of some interest, or value. The degree of repro- 
duction for the lower part of the reluctivity curve is very 
poor compared with that for the upper part using the 
equations noted on the curve in Fig. 3. Of greater 
interest is the fact that the permeability below maxi- 
mum can be much more closely stated by u = 78.1 8°”, 
as derived by the method of this paper, than by 
uw = 16,660 H'*!, as derived from the reluctivity curve. 
This can be seen by referring to Table III which gives the 
deviation in per cent for the two equations. 


THEORETICAL CONSIDERATIONS 


From the examination of considerable data such as 
reported in Table II and elsewhere, it appears that the 
entire magnetization curve when plotted u/6? versus B 
on log-log paper, can be said to consist of four straight 
sections joined by three curved sections. Starting with 
saturation, 6 is constant and wu continues to rise slowly 
in value from in the vicinity of unity. The curve is 
vertical, with the coefficient and exponent infinite in 
value. The second straight section, between saturation 
and maximum permeability, yields very large values for 
the coefficient and exponent. The third straight sec- 
tion, between maximum and approaching initial per- 
meability (the section reported on in this paper) has 
comparatively low values and covers a large range of 
flux densities. The fourth section is that which termi- 
nates in initial permeability, where « approaches a 
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8 gausses rv HT oersteds B/B? 1/u pb’ per cent deviation uu” per cent deviation 
TOOK AGS Sys ce! IKOO0! teen ee TOO red t oe on. 05100, 7 ep eee PeOOOs Omer cay cas, ss Sl BO atte eae Dae 
150. P70 eae Oe eeee ) DR oak leeee 0:052. 4) See eee OSS54 LO. ee neo! 4580).4 32.6 
SOE Eee et 1380) ca eye OF SER) Sane eerse 03034550 “Glass O72 Al Om eer ise BD) rp ON riccede oes 17.8 
DO He: de 1580p eo A 158. “20.0252 eee ORGSS MOR. eye oe « 3.16). eee eee 10.5 
SOO eee Seen ISO eee aero MIGSHe ce 0.0198 «+2 See ee O.S6310— eee ees LION) 12.4 
ADO: Bs, ca Nb aoe. DOOM ws: eet) MOOR ease h ats O0131°". sees O- 476-0 Or secs asc O75 an. ee ae 4.5 
DOOR akc tobias DADS ae ee 206. 070010502 a eee OPAIS MOR ass. oe SS ROY SRS WE a 1.85 
GOOse ee ec ne en OGSON eee se Pp eddy ee. 5 Bond 72450-1050 eee Pee O8873 10s 7 pee ses St) AD csi eee tes wee 0.75 
OOM eR oi rs 52 2 O50CR EE eee? JEW fs Bpiddaees Mae 6..02:1 0m sae eee OF339 TO masses. cee: Se A etic ete — 1.90 
SOOM wane ee B TSO Reeser ARE} A9710 = eee ON SiA Al Op maser ait iSO ser. oz cde aves — 2.50 

OOO Re ts ce ee S600. ens ate. .278. 23 500:10 roams ts eae ee OPT SAO meee. ee Bi 28 shot aeeneee — 5.55 
i BOOMS ie eens ANAAQHEL Ane re rts * RSSOM et eee LOS 105814 Gare OR D251 Om terest 58 — 1.46.. — 1.35 
2 OO0R ei aco S200 sane ee 387. Dac Pages (OE Ua Se ed Bie 8 OS192:10n° 2 eee ee SPRL A oe TERS oe — 0.96 
2 BOO Meee fe aise BONO ase ree, was a5 « eA DANE Nee phan Fr 02944°10—°) eee O3L6OS1 Oe se Sel 86s Seder. mete — 2.02 
SOOOR ae ae GA On nee Ra PAGITE, Oe te 02720-10259 Yee On154-1 Ogee renee reek et BB ride sag ade 0.15 
A000 Pte da Vee ites TAO MALE nti 3 M535) Si. See oe OR4AG il Ooo) rete ae eee O3134:10 = vaeaaaoeree i Eh RAE oe 4.40 
BLOGO ean: eet acters: S320 ie Aenean G00). 3 ee eho O6833-1On 7 nae eee O12010= 2 eee PESO ites eee 5.05 
C000 ce ee ee B.SO0 as ee ated ons 682. ORs 10 zee eee OF 114103 eee Bp SOie etre eae 16.8 
OOO ate eae SiOR0 ne ek eee, .780. RAO) 83-3 Ossett OMT 1O= os aap eee TGA. oh ah aye 37.2 
SOO0R eee sG ke anne R900 rein AON UR Sade teed 0139-10 co eee O20 — eee 23.6 

OLO00z si es Fe 'ThHOO FDR ee a SERS eens oe OL075:- 1052 wee as 0.133-10-3 

12000; ee he seta Oe ZRCTV Uae tor eee ae +50): A OL033 1050 pec. ace 0.208-10-% 

IE NY Ue es See 1 GOO Keo pee ee he 7.38 20;,;0097-10="' eee ne. 0.525-10-3 

TA SOOM aderccs chy arch «che GES ee ee ars, 15.0 0: 0046:10= Se Seen 1.035-10-3 

if 5, OOO oR terete (1s as ae Bek RR aA 23.0 PP OF0029:1 On encase 1.535-10-3 

NG A200 Ne AS ARON. Sete SiGe. 32.0 7.0).0020 10m tare eine 2.080-10-3 

1G O00 Near hee ee ee CU) ieee Mae. <4 F. BONO: Were wey see: GQROOTS 7-1 0m na ee 3.120-10-3 


The permeability yu’ is that calculated by uw’ = 78.1 6°-*°; uw” is that calculated by u” = 16,660 H!-*}. 


The per cent deviation shown by the last two 


columns indicates the difference between the measured permeability u and the calculated permeabilities yy’ and yu” by the relation 100 (u — y’)/u per cent. 
The first two columns, f and y, give the data measured on a good grade of 4 per cent silicon sheet steel. 


constant value as 8 approaches zero. For this fourth 
section, the limiting value of the slope exponent is 2, 
and the coefficient value becomes very nearly equal to 
the initial permeability. Table IV lists average values 
for the coefficient and exponent of the four sections, 
for good grades of 4 per cent silicon sheet steel. 

Considering the three curved sections, it has been ob- 
served and shown in Fig. 2 that in general the radius of 
curvature is less for the curved section containing maxi- 
mum permeability than for the curved sections on either 
side. In several sets of data there was a slight indication 
of a short flat S shaped section in place of the curved 
section terminating in saturation. 


As the u/s? ordinate also represents 1/8 H and 
1/u H? (see (1a)), the flux density is also a function of 
the magnetizing force H. From the general shape of 
_ the whole curve, there appears to be four distinct phases 
of magnetization obeying definite laws of the same form, 
which are represented by the straight sections of the 
curve when shown on log-log paper. Also, there are 
three transitional phases as represented by the curved 
sections, for which expressions have not been derived. 
Although these four phases of magnetization can be 
observed in a general way from the usual 8 — H curve, 
it is not obvious they follow apparently similar laws. 

Starting with very low values of H, it can be conceived 
that a small number of loosely bound magnetic units 
exist that can be oriented in the same direction by weak 
magnetizing forces, following a definite law. As H in- 
creases, passing the first curved section, a range of 
values is reached which is capable of orienting the ma- 
jority of the units. This is the range reported by this 
paper. There still exist a goodly percentage of the units 


more closely bound and it requires much greater values 
of H to orient these with the others. This gives the 
straight section preceding saturation. Lastly, all have 
been oriented and saturation exists, this straight sec- 
tion extending onward with increased values of H and 
decreased values of u. For some materials there may 
exist the small secondary transition section terminating 
in saturation, as mentioned above. 


TABLE IV—AVERAGE VALUE OF COEFFICIENT AND 
EXPONENT FOR THE FOUR SECTIONS OF THE 
MAGNETIZATION CURVE FOR 4 PER CENT SILICON SHEET 


STEEL 
Section of curve je M Equation 

Toe Satiration ..0 spits sorters Col eee eee Me 2/8? = 0 /B° 
2. Between saturation and 

maximum permeability....... ts10°t eee 14) bo. a »/B? = 1-105! /p14 
3. Between maximum permea- 

bility and approaching ini- 

tial permeability............. SOAs = 15 ae »/B? = 80/B1:3 : 
4, Vicinity of and including 

initial permeability........... CViioodec =a 2 Oreo p/p? = 375/68? 


Note: For section No. 4, M has a limiting value of two; the actual value 
may be slightly less than two. 


Experimentally to prove this hypothesis concern- 
ing the definite steps in complete magnetization of a 
material, it will be necessary to examine carefully a 
large number of samples over the entire range of the 
magnetization curve. The available data have indicated 
that this process apparently exists, at least within the 
limits of accuracy of plus or minus 1 per cent; conse- 
quently the author presents these findings for further 
consideration. 
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CONCLUSIONS 


In conclusion, the following summary may be stated: 

1. An equation of the form: » = P £ has been de- 
rived experimentally which closely reproduces the flux 
density-permeability curve for magnetic materials of 
various compositions and quality, in the flux range of 
approximately 80 to 6,500 gausses. 

2. The coefficient P and exponent a are determined 
from the data by graphical and analytical means, both 
being influenced by the nature of the material, with the 
former being indicative of the relative value of the 
initial permeability. 

3. An extension of the method to other portions of the 
magnetization curve, indicate three other regions which 
can be expressed by similar equations. 

4. Theoretical considerations of the entire magnetiza- 
tion curve as given by u/6? versus B on log-log paper, 
indicate that there are four distinct phases of magnetiza- 
tion coupled by three transitional phases. Each of the 
four phases may be given by the general equation: 
bu = PB‘, with P and a having different values. 

5. The degree of accuracy in obtaining these empirical 
equations is sufficient for most commercial design pur- 
poses to allow their use in calculation over the flux 
densities for which they hold, without reference to the 
8 — H curve. 

6. The data plotted as u/6? versus 8 for the entire 
range of the magnetization curve are useful for certain 
design procedures where it is desirable to obtain 8 for 
various values of u/B2, which frequently appears in 
certain methods of design. 
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Appendix 
The general equation Y = PX™ can be expressed in 
logarithmic form as 
log Y = log P+ MlogX (2) 
Equation (2) is of the form Y = P + MX which is the 
equation of a straight line when plotted on coordinate 
paper. The coefficient M in (2) or exponent M in (1) 
is obtained on either the coordinate or log-log papers, 
respectively, by linear measurements, as M is the slope 
of the straight line. The intercept P is obtained by 
extension of the straight line to intersection of the 
ordinate for X = 1. 
Generally, the slope M can be more accurately 
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measured than the intersection of the ordinate P by 
extension of the line graphically. By the several 
methods available for drawing in the mean straight 
line through the data points, the slope can be de- 
termined by measurements or by calculations. Then 
by using values for X and Y taken from the curve or 
data, the value of P can be calculated. This procedure 
is sufficiently accurate for most design purposes. The 
equivalent designations for X and Y, for the specific 
case at hand, are 6 and y/6”, respectively, and the equa- 
tions can now be thrown into any form desired. 
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Discussion 

G. H. Cole: The Barton method of extrapolating data to a 
very low induction should be very useful in correlating a-c and 
d-c tests on materials intended for radio applications. Most d-c 
permeameter methods suitable for accurate determinations of 
permeability at high induction are not sufficiently sensitive for 
low induction work. On the other hand, a-ec methods of per- 
meability measurement are usually inaccurate at moderate and 
high inductions, due to the difficulty in determining the peak 
value of the a-c wave. By means of the Barton equation, these 
can now be correlated. Evidently, no appreciable difference 
exists between the two types of tests judging by the cheeks which 
are reported in the paper. 

Our experience indicates that the permeability at inductions 
of 100 gausses or less is the best criterion of quality of electrical 
sheet steel used in certain radio receiver applications, such as — 
audio transformers. The methods given in the paper for extra- 
polating magnetization data into this range should be convenient — 
and helpful. For the above-mentioned application our experi- 
ence has been that it is not necessary to determine the perme- 
ability for inductions of less than 1 gauss, and hence determina- 
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tions of P in equation (1b) can be used as the initial permeability. 

S. L. Gokhale: About 5 years ago, that is, shortly after the 
publication of my Law of Magnetization, (A.I.E.E. Trans., 
Vol. XLY, June 1926, p. 1013) our laboratory started to extend 
our study to the lower part of the magnetization curve. We 
found the Baur’s Law (u = aH +b), which had already re- 
ceived confirmation from Raleigh, approximately but not strictly 
correct. We tried also an equation of the form 8 = aH?, and 
did not have much success. Mr. Barton’s paper is, therefore, a 
great surprise to me, because his equations u/6* = P8—™” and 
H =8°/P, merely are two other forms of the equation 8 = aH? 
which did not appeal to me as very promising. Mr. Barton’s 
success with the same equation suggests among other possibilities 
the possibility that I might have overlooked something. 

Mr. Barton has used an imperfect magnetic circuit with 
strips; with proper precautions to minimize the effect of this 
imperfection, and has also used a 60-cycle alternating current. 
We had used toroid rings and direct eurrent, and it seemed at 
first that this difference in the methods made the difference in 
the result. But Mr. Barton has successfully extended his equa- 
tion to our data, which makes it necessary to look for an explana- 
tion somewhere else. 


As to the several phases in the progress of the magnetization 
eurve, this same conclusion had been reached by the Bureau of 
Standards (Scientific Paper No. 404, p. 741). 


Hans Lippelt: This paper embodies a study of magnetiza- 
tion eurves and their evaluation in search of a mathematical 
term which would relate the magnetizing current to the magnetic 
fiux. As a solution a simple formula 1 = P£® is offered as the 
result of reported experiments with alternating current. 


The author also follows precedent when defining “ = = 


Ot ———. 
H 


As stated in the paper, the relation is empirical, and I wish to 
go a step further by saying that the quantity pm in itself is an 
empirical quantity. This applies notwithstanding the fact, that 
we have assigned to uw the good and descriptive name permea- 
bility, which, it is conceded, defines u as a property of the ma- 
terial. (See explanation given in the paper after quoting formula 
(1).) 

It is my contention that this property of the material is not 
retained in its virgin state as the progress of magnetization goes 
on. It is interfered with by physical reactions such as set up 
by hysteresis, temperature and mechanical stress. 

The erratic character of will readily be recognized by an 
inspection of Table IV, which discloses that the ‘“‘constants’’ P 

and @ of the fundamental formula vary very greatly over the full 
range of magnetization. 

It seems after all that a quantity 


p= =. where R (— R to be correct) represents that part of 


H, which is available for magnetization proper has more justifi- 


tion, than u = or Compare herewith A.I.E.E. 


H ne 
Trans., February 1926, p. 395 under paragraph 2b; and also 
p. 396, equation (2). 

The author of the paper refers repeatedly to Mr. Gokhale’s 
paper on the Law of Magnetization. The latter is given as 

B =S (1 — be-*#) 

and is said to apply for the region near saturation. Mr. Barton 
states further that Gokhale’s equation very closely reproduces 


the curve of as shown in Fig. 2 of his paper, but he does 


K 
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not undertake to prove that 


1 
Pes pp Af: equivalent to 


Be HB as proposed 


1 
HS —(1be-*#) 


a sequence to Gok- 
hale’s equation 


1 
P B™ equivalent to HS (1 — be~@#) 


or 


a proof which would greatly enhance the author’s work. 

While explaining Fig. 2 of his paper, the author speaks of the 
‘second straight part,’ situated between Kennelly’s and Yen- 
sen’s range. He also asserts that this second straight part (and 
the third) is well covered by Gokhale’s equation. But just for 
this ‘“‘second part’? Gokhale admits that Frolich’s Law applies. 
(See A.I.E.E. Trans., June 1926, p. 1023, section 19, paragraphs 
8 and 7, a and b.) It does not seem plausible that the law of 
magnetization should change in the short interval between the 
two regions cited. In the introduction to the paper it is 
claimed that Frolich’s Law is not reliable. A conclusive state- 
ment should be presented. 

Referring now to Fig. 3 of the paper and corresponding text: 
if the author asks for an answer as to why the ‘‘two straight 
lines”’ of the reluctivity curve intersect for M = UMmaz, he will 
probably find it by: 

1. Observing what the writer set forth in his own paper on the 
Magnetic Hysteresis Curve, A.I.E.E. Trans., 1926, p. 406, 
Chapter VII in connection with Fig. 14. 

2. Observing, as stated at the beginning of this discussion, that 


‘ 


jis an erratic quantity and should be replaced by v = — 


3. That when taking note of hysteresis 


Remanent magnetism 


= hens Oe 1 = 
ee re aoa ee oe H (which is zero) 


' Zero magnetization 
}4=0 when H =coerceive force &=—@—_—____—_ 
Coercive force 


and that this coercive force depends on the highest value of 8 
obtained under the a-e eyele. 

4. That by using alternating current, these important charae- 
teristics, remanent magnetism and coercive force, are removed 
from observation and cannot provide premises for a conclusion 
such as is sought. 

That an exponent (like @) may be attached to magnetic quanti- 
ties (as 6 for instance), when the law of magnetization is finally 
established, is indicated also in the discussion printed in the 
A.I.E.E. Trans., 1926, p. 412, equation (e). 

In order to unveil the law of magnetization, as it applies 
between positive and negative saturation, the complete physical 
state of the material (and its changes during the process) should 
be taken into consideration, to wit: molecular friction (hystere- 
sis), temperature and mechanical stress. 

Ewing has written a book on the influence these physical states 
have upon the process of magnetization (see the references to 
this on page 413 of the aforestated reference). When truly 
observed they will illuminate the author’s conclusion No. 4. 

A. C. Seletzky: Over the range of introduction studied, 
Mr. Barton has discovered an empirical relationship, which for 
practical purposes connects the values of induction and magneto- 
motive force with a reasonable degree of accuracy. The value 
of the expression as experimentally determined, UW = PB®, is 
however seriously undermined when considered theoretically 
because both sides of the formula do not have the same dimen- 
sions. Although the dimensions of p itself are not known, its 
role as a factor in the expression [ku]-”* = v is well established; 
(k = dielectric constant, v = velocity of light). Hence whatever 
the dimensions of & might be, they must remain constant for 
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all magnetic materials, if the dimensions of the dielectric constant 
remain fixed. The expression of Mr. Barton, u = PB%, admit- 
ting a variable exponent gives a different dimension for M@ with 
every distinet value of a since P is a numerical constant. From 
Table II in the paper, this exponent under the column heading 
(2 — M) varies from 0.290 to 0.758. 

The expression obtained by Gokhale, B = S (1 — be-@%), 
although open to a number of weighty objections based both on 
theoretical and experimental evidence, as has been pointed out by 
Sanford,! does at least have the same dimensions on both sides 
of the equality sign. Hence in time, it may be modified without 
changing its form. I do not wish to detract in any way from the 
practical significance of Mr. Barton’s findings, but merely to 
point out that if any considerable headway is to be made into 
the determination of the functional relationship existing among 
magnetic quantities, that it is necessary to start with expressions 
which at least satisfy the law of dimensions. Thus, I venture to 
propose that Mr. Barton make an attempt to throw his expres- 
sion into another form which will satisfy this condition; before 
this is done it is useless to read any physical significance into any 
of the constants of the formula as it now stands. 


A. C. Schwager and V. A. Treat: The general use of log-log 
paper is advocated for the analysis of magnetization curves and 
the advantages gained thereby are pointed out. The author is 
to be complimented for bringing these facts to the general 
attention, if they are utilized they will result in great advantage 
wherever they ean be applied. 

This will be shown for one specific case, the current trans- 
former. It is well known that current transformers operate in 
the range of low flux density. The usual method is to plot on 
log-log paper, the reactive voltamperes per pound of the core 
material in relation to the flux density. T. D. Yensen has 
shown such a relation for silicon iron and nickel iron (permeability 
of hypernik reaches 167,000, Electrical World, June 1931). 
From Fig. 6, it is seen that the rva per lb, over a wide range are 
approximated by a straight line, resulting in rva per lb = B®, 
The expression for magnetizing current then immediately follows: 
e Bees 


B 
im = cB°-§ and the permeability wu = d —— the last 


tm 

relation having been illustrated on log-log paper by Keinath, 
ETZ, 1932, p. 1596. We have made use of this relation to 
express analytically the performance of current transformers 
over their normal operating range.” In this manner the varia- 
tion of the phase angle with the secondary current of a specific 
transformer with a secondary burden r and N secondary turns 
ean be represented by: : 

0.4 


Ni To-4 


The usual time consuming method of calculating transformer 
characteristics point by point thereby is eliminated. The ap- 
plication of Frolich’s Law, or of the formula given by the author 
for high flux density, furnishes formulas for the overload charac- 
teristics. 

The advantages which result from this procedure. in the case 
of current transformers, apply to any other magnetic circuit, and 
it is hoped that Mr. Barton’s paper will further point out the 
benefits of such a method. 

James P. Barton: The writer has not had the opportunity to 
demonstrate Mr. Cole’s suggestion, but as equation (1) repro- 
duces satisfactorily the intermediate range of the normal mag- 
netization curve from data taken by the d-e ring permeameter 


6 = const. minutes. 
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and the a-e strip bridge methods, it is felt that measurements on 
the same sample by the two methods, properly conducted, should 
be joined by equation (1). If reasonable assurance is to be had 
that the magnetic circuit conditions are equivalent to each other 
for the two standard methods, then the values for the coefficient 
and exponent should very closely agree. The sample should be 
thoroughly demagnetized before each run, and probably for best 
results the values of H should be increased from minimum to 
maximum. 


Mr. Gokhale’s reference to the Bureau of Standards Scientific 
Paper No. 404, on the several phases in the progress of magnetiza- 
tion, discloses a general and obvious division of the curve into 
three parts, the divisions occurring in the foot and knee sections 
of the magnetization curve but not in a well defined manner. 
The procedure given in this paper under discussion allows a 
definite division of the curve into the several phases, as they are 
expressed by equations whose graphs intersect, forming definite 
divisional points. ; 

It is surprising to learn that others have considered equations 
of similar form for the same range covered as disclosed in this 
paper, but not surprising to note that Mr. Gokhale’s laboratory 
did not arrive at satisfactory results upon consideration of this 
method. The writer is greatly interested in this and would be 
glad to learn of any conclusions as to where the difference lay. 


It is possible that precise measurements may disclose greater 
deviations than shown, although the curves drawn to published 
data taken under presumably carefully controlled conditions 
yield no greater deviations from the calculated curve than for 
what we may term commercial grade measurements. Because 
of the apparently consistent performance of the method when 
tried with data obtained by various methods and degrees of 
accuracy, it was felt to be possibly of more value than just for 
design purposes. Thus the urge for the procedure to be investi- 
gated further. 

Mr. Lippelt’s comments on permeability express the writer’s 
feelings in that when it is said a sample has a certain permeability, 
we must go further than that single statement, if that value is 
to be of use to us. The value of & depends so much on the history 
of the sample as well as its physical state at the time of measure- 
ment, that it is felt many sins are committed in its name. In 
connection with the effect of hysteresis, the writer did not have 
any satisfactory data at hand for testing equation (1) on the 
branches of the loop. 

Referring to Fig. 2 of the paper, Gokhale’s equation is of such 
a form that it covers the range preceding and including satura- 
tion with a smooth eurve, whereas when expressing the curve as 
6 versus /8?, this same region appears as two straight lines 
joined by a curved section. In reproduction of the data by both 
equations, there is close agreement over the common portion, 
but I do not know which one, including Frolich’s, more nearly 
expresses the true law of magnetization. 

All of the attempts at the law of magnetization undoubtedly 
are building stones for the structure that eventually will house 
that law. The work entailed in determining the limits of appli- 
cation and the testing of these attempts is truly tremendous, be- 
cause of the great variety of materials to be covered as well as the 
variable physical and chemical states of these materials. This is 
emphasized by the fact that many have limited themselves to 
certain portions of the curve for a continued study, which for 
most of the equations has been in the neighborhood of saturation. 

This paper was presented only after it was reasonably well 
shown that equation (1) held over the intermediate range of the 
normal magnetization curve, when commercial and laboratory 
data were used as measured on various materials in random physi- 
cal states. The theoretical discussion briefly was limited only to 
what appears to be the first division of the normal magnetiza- 
tion curve into segments each expressed by equations of the same 
form, providing natural divisional points at the intersection of 
their graphs. 


The Dielectric Losses in Impregnated Paper 
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Synopsis.—Accurate measurements have been made of the 
electrical and other physical properties of 10 insulating oils, of a 
single grade of wood pulp paper, and of the paper when impregnated 
with each of the oils. Short time charge and discharge curves under 
continuous potential have thrown further light on the anomalous 
conduction as found in oils, and permit the separation of the total 
dielectric loss into two components. 

Of the total increase of the loss found in impregnated paper, over 
the separate losses in oil and in dry paper, one component is pro- 
portional to the effective conductivity of the oil. The other com- 
ponent, due to reversible absorption, is, for a given paper, a definite 


function of the free ion content of the oil as indicated by the product 
of the conductivity by the viscosity. These relations hold over the 
entire ranges of type of otl and temperature under study. 

The product of conductivity by viscosity is proposed as a measure 
of the ‘‘electrical purity” of an oil used for impregnation. 

The simplicity of the relations shown suggests that an extension 
of these studies to other grades of paper should make it possible to 
predict accurately, from the separate properties of paper and oil, 
the electrical behavior of any grade as impregnated with any type 
of oil. 


Ca Lae 


INTRODUCTION 


Y the sufficient refinement of the oil and the paper, 
and by careful elimination of air and moisture, 
the dielectric losses in impregnated paper may 

be reduced to very low values. Thus, at ordinary 
temperatures, values of the power factor of the di- 
electric in high-voltage cables and in impregnated paper 
condensers may be had within the range 0.001 to 0.008. 
This means that under most conditions the losses in the 
dielectric in high-voltage cables are relatively small 
as compared with those in the conductor, and so do not 
seriously limit the current carrying capacity of the 
cable as related to the rise of temperature of the 
insulation. 

On the other hand, the dielectric losses in cables 
commonly increase in service, and the relation of these 
changes to the stability of the insulation and the life 
of the cable is one of the most important problems 
confronting the manufacturer and user of cables of this 
type. Little is known as to the relation between the 
dielectric loss of impregnated paper and the separate 
losses in the constituent oil and paper. It is generally 
known that the lower the conductivity and power 
factor of the oil, the lower the resulting loss in the im- 
pregnated paper, and it is also known that the loss in 
the impregnated paper is generally substantially greater 
-than the joint losses in oil and paper separately. Quan- 
titative relationships, however, have never been estab- 
lished, largely due to the fact that until recently, the 
possible measurements have been limited to those of 
alternating loss and power factor, and of conductivity 
under continuous potential. Owing to the complexity 
of the materials and the number of factors entering, 
satisfactory correlation and prediction of final losses 
have not heretofore been possible. The predetermina- 
tion of the electrical behavior of a complex dielectric, 
in terms of the behavior of its constituents is one of the 
most obscure problems in the whole field of dielectric 
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behavior. The reason for this is found in the fact that 
no single insulating material, however carefully refined 
and prepared, possesses the characteristics of an ideal 
dielectric, which should show only specific inductive 
capacity. We have in Maxwell’s theory a very satis- 
factory explanation of the a-c behavior of complex 
dielectrics of which the constituents possess only 
inductive capacity and conductivity. However, few 
if any available insulating materials satisfy even these 
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simple conditions. As a consequence, while many com- 
plex dielectrics approach the behavior predicted by 
theory, in general the agreement is roughly qualitative 
only. In particular, in the case of insulating oils and 
cellulose paper, each of these materials is so complex 
in its dielectric properties that, to the experimenter, it 
is almost immediately obvious that a quantitative 
agreement with any theory of dielectric loss cannot be 
expected from the studies of the behavior of the paper 
when impregnated with the oil. 
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Nevertheless, although a convincing theory and 
experimental agreement therewith may not be ex- 
pected, it is yet entirely possible to study more closely 
and with careful quantitative measurements, the be- 
havior of these substances separately and in combina- 
tion, and to examine the results to see if any correlation 
is possible between the original general physical prop- 
erties of the constituent materials and the dielectric 
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losses of their combination. In this paper we are re- 
porting some studies of this character. The general 
plan has been to adhere as closely as possible to one 
type of paper, to vary the oil over as wide a range of 
types as possible, to. study the electrical and other 
physical properties of each, and the electrical properties 
of their combination, over the range of temperature 
25 deg to 65 deg, this being.the important range of 
cable operation. 


WHITEHEAD: DIELECTRIC LOSSES IN IMPREGNATED PAPER 


Transactions A.I.E.E. 


EXPERIMENTAL METHOD 


The test specimens were in the form of cylindrical 
capacitors. The central high-voltage electrode was a 
brass tube 5.8 em outside diameter, 61 cm long, on 
which 0.1 mm thick wood pulp paper was spiralled as 
in impregnated paper cables, with butt joints between 
tapes, and to a depth of 15 layers. The outer electrode 
was of sheet lead and provided with guard electrodes. 
For the oil a second capacitor of approximately equal 
dimensions was used. Each capacitor was mounted in 
a separate constant temperature vacuum tank. The 
oil was thoroughly degassed by spraying into a vacuum, 
and the paper thoroughly dried by heating under 
vacuum. After the measurements on the oil were 
made, the oil was drawn under vacuum into the tank 
containing the paper capacitor, impregnating the latter 
without intervening exposure to air. 

Electrical measurements were made under both 
alternating and continuous voltage. Dielectric loss, 
power factor and capacitance, as related to temperature 
between 25 deg and 65 deg C, were measured at 60 
cycles over the range 500 to 1500 volts effective values, 
on a high sensitivity Schering bridge. The measure- 
ments under continuous voltage were the short and 
long time values of charge and discharge currents and 
the irreversible absorption, initial and final conduction, 
as deducible therefrom. Charge and discharge currents 
beginning one millisecond after the application of vol- 
tage or of short circuit were read, using the amplifier 
oscillograph. This instrument increases the normal 
sensitivity of the electromagnetic oscillograph 105 
times giving a. deflection on the photographic film of 
1 mm per 4 x 10-8 amp. 


The short time charge and discharge curves, as read 
on the amplifier oscillograph, are an essential feature 
of the present work. They show that the conductivities 
of both oil and paper for the time intervals comparable 
with the alternating cycle are, in general, functions of 
the time and of markedly different values to those per- 
taining to longer time intervals. Moreover, as we have 
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shown in an earlier paper,! these short-time current 
curves may be used to predict accurately the alternating 
current loss, through the empirical derivation of the 
equations of the curves and the application of the 
method of von Schweidler. This method of analysis 
and the separation of the irreversible or conduction 
component, from the reversible or absorption compo- 
nent of the loss, which it permits, is also an essential 
feature in the studies reported in this paper. 

For a more complete description of the specimens 
and their method of assembly for the measurements, 
and particularly for a description of the method of 
analyzing the oscillograph records, and computing the 
losses, the earlier papers'?:? may be consulted. 

In the following description of the results, the dry 
paper specimens are designated by the letter A, oil 
specimens by the letter B, and impregnated specimens 
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by the letter C, a numeral following in each case. The 
same numeral applies to the component paper and oil 
of the corresponding combination. For example A-8 
and B-8 are combined to form C-8. 


THE OILS 


In Table I are given brief descriptions and the 
principal physical characteristics of the 10 different 
samples of oils which have been studied. The oils were 
furnished by four different well known manufacturers 
of insulating oils. All of them except B-8 and B-13 are 
those oils commonly spoken of as being of paraffin base. 
B-4, B-6, and B-7 are three samples of the same oil, in 
the original condition, and in two stages of deteriora- 
tion by oxidation. .The results with these three oils 
have been described in some detail in the paper? by 
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Whitehead and Kouwenhoven, cited above. A similar 
relation exists among the three samples, B-15, B-16, 
and B-17. B-10 is a well known oil for solid cables and 
in B-14 it is mixed with rosin (abietic acid) in the ratio 
3:1. B-8 is a highly refined very thin white oil whose 
basic nature is not given. B-13 is a semi-refined oil of 
naphthenic base. As will be seen, the group presents 
a fairly wide range of viscosity. 

Conductivity. Typical short time charge and dis- 
charge current curves, as observed with continuous 
voltage are shown in Figs. 1, 2, and 3, for oils B-15, 
B-16, and B-17. Additional examples of these curves 
and the methods of deriving the equations for oil B-7 
are given in the Whitehead and Bajfios paper.! The 
results for the principal oils of the group here studied 
have been plotted from the oscillograms on double 
logarithmic scales in Fig. 4. These results show that a 
principal characteristic of all these oils is an initial 
conductivity which, in most cases, has a constant value 
over a period of one second. Thereafter the current 
falls off more or less rapidly and this initial constant 
conductivity in some cases may be several hundred 
times as high as the conductivity measured say after a 
minute or more. More commonly, however, this ratio 
is much lower as shown in Table II. The tendency of 
increasing conductivity, either as the result of oxidation 
or temperature elevation, is to lower the ratio of the 
initial to the final conductivity. For example, in oil 
B-17, with conductivity increased some 250 times by 
oxidation, the conductivity at 10* seconds differs very 
little from the initial value during the first one second. 
The variation with temperature of the initial constant 
conductivity is shown in Fig. 5. This conductivity is 
independent of the voltage in the range studied, with 
some indication of an increase with voltage for tem- 
peratures above 60 deg. 


TABLE II—COMPARISON OF OIL SPECIMENS 


Variation with Temperature of Ratio 4;/dy, Initial Constant Conductivity 
dz to 40-Min Conductivity \¥ at 1,500 Volts D-C 


Ratio: Az/Ay 


Specimen 30 deg C 45 deg C 60 deg C 
Bisbee. a Bs aie eo eB one wars 7.01 
BB Stas e ne sets 500/00. &.savtise 593: -OO%). eas eae on 215.00 
622-2 epee ce oe  e-8 Fees ao (21S igeete a 4.59 
Bi4. 3. seers as j SW Ieee ey 1.09) cet 1.24 
BLO: Some esi mae 4208 Si cvctteoste aks 4.18 clchokauee a7 4.22 
BiG sic scares Ve A tee 2D 26s a ms oe 2.05 
B 4.22 pS Ree 10: 43 eer sack eee M cOO 4. oie Sen eS 4.45 
Bitar a rit Fi. So: ciamlaterae 4.02 
BLT. ox. ae Lit Din wes toes OPO 6 2 ate een 1.45 
BAS ose | Oe i EP wore Ge reeset } Be ok cee ce ee 1.49 


*\; too small to detect. 


Oils B-7, B-8, and B-15 all show an initial decaying 
value of charging current over the interval of the first 
few thousandths of a second, as already reported in an 
earlier paper.1 This phenomenon in the case of B-7 
seems to be of the nature of reversible absorption since 
it is accompanied by a discharge curve on short circuit 


s 
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of similar character. Under certain circumstances, the 


discharge curve seems to be exactly equal and opposite 
to that portion of the charging current curve which 
lies above the longer initial horizontal portion. In 
other cases (B-8 and B-15) the corresponding short 
initial discharge seems to be absent. 


In general this 


TIME: SECONDS 
Oscillodraph —o—o—0- Galvanometer 


Fig. 4—Comparison OF OIL SPECIMENS 


Variation with time of charge current at 1,500 volts, 60 deg C 


initial brief current decay seems to be more pronounced 
in the lower conductivity oils (B-8 and B-15), although 
it also appears in slight measure in oil B-7 of much 
higher conductivity. This feature of the curves is also 
usually obscured by increasing conductivity, as shown 
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Fic. 5—Comparison oF O1L SPECIMENS 


Variation with temperature of initial constant conductivity (A;) at 1,500 
volts direct current 


in the earlier paper for oil B-7 with increasing tempera- 
ture, and here for oils B-16 and B-17 with increased 
conductivity due to oxidation. 

It is possible that this initial absorption is present 
to some extent in all oils of these classes. We have 
found that when it is not present on the oscillograms, 


the alternating loss is completely accounted for by the — 
conductivity as determined from the initial horizontal © 
or constant-current value. On the other hand, when 
the initial absorption is present, due account must be 
taken of it in computing the a-c losses from the d-e 
characteristics as described in the earlier paper.! 

The discharge curves are of great interest. So 
far as their initial sharply decaying region is con- 
cerned, they seem to indicate that liquids may 
show dielectric absorption, for which there has 
been no evidence heretofore. The later regions 
of the discharge curve show a very much more 
gradual decay and are probably associated with 
the slow movement of space charges carried by 
larger types of ion. 

Power Factor and Loss. The power factor tem- 
perature relation for the oils is shown in Fig. 6, 
the electric field intensity being 10,000 volts per 
cm (approximately 25 volts per mil). The general 
correlation as between the initial constant con- 
ductivity, as shown in Fig. 5, and power factor, 
is evident as shown in Fig. 6. In all cases except 
those showing initial decaying charging current 
large as compared with the subsequent constant 
value, the latter accounts completely for the dielectric 
loss. An exception is to be noted for the oil B-14. This 
is the 3:1 oil-rosin mixture. The minimum in the power 
factor-temperature curve for this oil, marks the tem- 
perature region in which the viscosity is changing 


Fic. 6—Power Facror—TEMPERATURE RELATIONS OF 
IMPREGNATING OILS 


rapidly. In this state, the power factor is due almost | 
entirely to dielectric absorption, the contribution of 
the initial constant conductivity becoming less and — 
less; at 80 deg it cannot be measured. The power 
factor-temperature relations for oil B-10 and rosin B-9, 
which in combination form the oil B-14, are shown in 


< 
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Fig. 7. Values of dielectric loss as related to power 
factor, as measured and as computed from the con- 
tinuous current charge and discharge curves for oils 
B-6 and B-7 show? that the initial constant conductivity 
together with the initial absorption (if present) account 
completely for the total loss. 

Conductivity and Viscosity. The conductivity of 
dielectric liquids is ionic in character and the value of 
the conductivity depends on the number of ions present 
and on their mobilities or specific velocities. For ions 
of a given size the mobilities are in general, inversely 
proportional to the viscosity. This relationship is 
shown for the various oils under study in Fig. 8 in which 
are plotted the variation with temperature of the vis- 
cosity 7 in poises, and the conductivity \, in mhos per 
em. For convenience, we have used the effective con- 
ductivity, assuming that the loss is wholly due to 
conduction. As already stated, this effective conduc- 


Fig. 7—VARIATION OF Power Factor with TEMPERATURE 


For rosin (BQ), oil (B10) and their 1:3 mixture (B14) 


tivity \., is identical with the initial constant conduc- 
tivity as taken from the short time continuous current 
charging curve, in all oils except those showing appre- 
ciable brief initial decay of charging current. In Fig. 9 
are plotted the variation with temperature of the 
product 7 A. of viscosity and effective conductivity. 
It will be noted that this product for each oil is roughly 
constant over the range of temperature 30 deg to 60 deg. 
Since the conductivity is directly proportional to the 
number of ions present and inversely proportional to 
the viscosity, the product 7 \, is an indication of the 
number of free ions present. We have then, in this 
product, a property of the oil which is independent of 
the temperature. It will be seen that the oils differ 
markedly as related to the value of this quantity. 
Obviously, it is not to be expected that the value of 
n \, Should remain constant over any very great range 
of temperature. In the lower range, as the oils tend to 
stiffen, it is probable that the inverse relationship 


WHITEHEAD: DIELECTRIC LOSSES IN IMPREGNATED PAPER 


671 


between mobility and viscosity does not hold. In the 
upper range of temperature it is probable that further 
new ions are generated. The interesting feature here 
is that we have a quantity which is more or less con- 
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Fig. 8—VaRIATION WITH TEMPERATURE OF VISCOSITY (7) AND 
Errective Conpuctiviry (Ao) oF IMPREGNATING OILS 


stant over the operating range of temperature for any 
one oil and the values of which, over the different oils 
studied, vary through quite a wide range. We may 
think of the number of free ions present as to some 
extent a measure of the purity of the oil. Thus the 


Fig. 9—VARIATION WITH TEMPERATURE OF THE PRODUCT OF 
Viscosity AND EFFrEcTiIvE CONDUCTIVITY (no) FOR THE Im- 
PREGNATING OILS 


oil B-8 is probably the most carefully refined of all the 
oils studied. In contrast with it is oil B-15. The 
latter oil has a lower value of effective conductivity 
than oil B-8, yet it is seen that the number of free ions 
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present, as indicated by the product » \, is many times 
greater than that pertaining to oil B-8. This difference 
is reflected in other ways. We shall in fact, see later 
on, that this quantity has a direct relationship to the 
losses in the impregnated paper. 

Dielectric Constant. The dielectric constant may be 
computed directly from the alternating charging cur- 
rent. The variations of the dielectric constant K,, 
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Fig. 10—VariaTION WITH TEMPERATURE OF DiIELECTRIC CONSTANT 
(K,) anp Sprciric Gravity (p) or ImpreGnatine OILs 


and also of the specific gravity p for all of the oils 
studied are shown in Fig. 10. It will be noticed that 
in general, the variation of the dielectric constant with 
temperature and as among the various oils, follows the 
variations in density as it should. The extreme range 
of variation of dielectric constant at 60 deg is from 2.1 
for the highly refined water-white oil, B-8, to 2.48 for 
B-14 the 3:1 mixture of paraffin oil, B-10, with rosin. 
The separate variations with temperature of the di- 
electric constant for this oil, for the rosin, and for their 
combination, may be seen in Fig. 11. As will be noted, 
the measured value for the mixture is much greater 
than the value computed on the basis of the separate 
values of the constituents and the ratio of their volumes 
as entering into the mixture. It is an open question as 
to whether or not this increase in dielectric constant 
is to be attributed to the polar properties of the rosin 
molecules or to dielectric absorption as caused by the 
greatly increased viscosity and the tendency to a solid 
rather than a liquid state. The high dielectric constant 
of the naphthenic oil B-13 seems to be accounted for 
by its density. 

Another matter of interest is the increase in dielectric 
constant through oils B-15, B-16 and B-17. These oils 
are all originally the same, the first B-15, in pure de- 
gassed condition and B-16 and B-17 oxidized by 
bubbling with air at high temperature (105 deg C). 
It will be seen that this process of oxidation has re- 
sulted in an increase of the dielectric constant. There 
is no corresponding change in either the density or the 
viscosity of these three oils, and so the increase. in 
dielectric constant must be attributed to other causes. 
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A possible explanation would be a polarized condition. 
of the carbon particles formed by oxidation, as the 
result of an unsymmetrical adsorption of ions, or a 
similar behavior as a result of the appearance of col- 
loidal properties. If either of these explanations is 
correct, the phenomenon should be reflected in the 
charge and discharge current oscillograms as an initial 
decaying charge or discharge current. Such curves 
actually have been observed as indicated above. 
On the other hand, it is possible to compute 
from the observed curves the contribution of 
these initial decaying portions to the final mea- 
sured dielectric constant. Such computations 
indicate that the contribution to the total di- 
electric constant is very much smaller than the 
actual change in values reported above. The 
question, therefore, remains an open one and 
is a promising problem for further experiment. 


THE PAPER 


A single grade of wood pulp paper has been 
used throughout all of the experiments. It was 
of the type commonly described as “‘kraft,”’ used 
in large quantities by a prominent cable manu- 
facturer and furnished by a well known paper 
manufacturer. It was in the form of tape 2.5 em 
wide and 0.1 mm thick. Its specific gravity was about 


. 1.0 and its air resistance 640 seconds. ; 


In view of the wide variation of the electric constants 
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Fig. 11—VariaTion oF DIELECTRIC CONSTANT WITH 
TEMPERATURE 


For rosin (B9), oil (B10) and their 1:3 mixture (B14) 


of paper with the amount of residual moisture, the 
assembled capacitor before impregnation was dried 
and evacuated at 0.1 mm hg pressure and 105 deg C. 
By variation of the time under these conditions and 
by frequent conductivity measurements, all paper 
samples were brought to a standard value of final con- 
ductivity of approximately 1.6 x 10- mhos per cm. 
Considerable variation as among different samples in 
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TABLE III—COMPARISON OF PAPER SPECIMENS 
Index of Dryness 


Temp. r’ Temp Power 

Specimen deg C mho /em? deg C factor 
AG Ar L027) Oe PRCA CATO 2. cas enn ere 60.0......0.00233 
A3 105.0 TSHSOSIOH OP aa. sh.. 60.1......0.00243 
DV Gs heres 105.0 TAQ DE Xo10) oe ae COnOs. 1. 0).00237, 
JR oe 1O5 v4 ero aE Oe ee ee 60.4......0.00228 
TAL OI es: it 4: eae ene PA eyes 1 ia ee ame ea nore 61.1......0.00230 
PATS hw Sia LOA r 2st eeee es He Gin Ome Oe cena ete 60.9......0.00219 
WSEAS 35 LOL Ton wee Dei Bee 1m eras ees 60.3......0.00236 
BAST ee A A NG ee ee ee DASH Gl Ota eee 5920n0-2: -0':00222 
Lee 1 O48 A ee grr Nera Oa Oe ey fae 58.8......0.00214 
SNAG A LOAN Ot eas Bes 2a tO mo aac 60.1......0.00236 
Average....... 104. GaGa Or OSE Ul Oats Sipe nt pate 60.1......0.00230 


the measured values of this final conductivity was en- 
countered, as shown in Table III; but in view of the 
very low order of magnitude of the conductivity, the 
values given may be taken as indicating a fairly uni- 
form condition of the paper as regards moisture. More- 
over these values indicate that the paper was extremely 
dry. The approximate uniformity over the whole 
range of specimens is also indicated by the relatively 
small variation in. the values of the power factor of the 
dry paper specimens as shown in the last column of 
Table III. 

Loss and Power Factor. Paper of this type, even in 
the extremely dry condition, shows a pronounced di- 
electric absorption as may be seen from the oscillograms 
of charge and discharge currents shown in the earlier 
papers.! This means that under alternating stress the 
paper shows dielectric loss and power factor far in 
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Fig. 12—Dieitecrric ConSTANT—TEMPERATURE RELATIONS OF 
Dry Paper SPECIMENS 


excess of values based on the final conductivity alone. 
The agreement of computed and measured losses for 
the paper alone have also been given in the earlier 
papers. In Figs. 18 to 24 the variation with tempera- 
ture of the dielectric loss for the dry paper is indicated 
for each specimen in its relation to the loss in the oil 
and the subsequent loss in the impregnated specimen. 
The general shape of the temperature power factor 
curve for paper may be seen in Figs. 15 to 17. 
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Dielectric Constant. The measurements of dielectric 
constant of oil, of paper, and of impregnated paper have 
permitted the computation of the dielectric constant 
of wood pulp fiber and also the relative volume in 
which the oil combines with the paper, as follows: 

K’ = dielectric constant of dry paper specimen. 

(paper + air space.) 

K” = dielectric constant of impregnated paper speci- 

men. (paper + oil.) 
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Fig. 13—Di1eLectric ConstaNT—TEMPERATURE RELATIONS OF 
IMPREGNATED PAPER SPECIMENS 


K, = dielectric constant of impregnating oil. 


K, = dielectric constant of solid paper fiber. 
m = volume ratio, paper to air, and paper to oil. 
m 
go = “paper constant” = rele: 
Pp 


We have then the following relations for a two layer 
dielectric, and which are assumed to hold for the com- 
bination of paper and oil: 


(1 +m) K, 1+m 
PE Se ES 1 
cs m+K, l+o a) 
Kr = (1+ m) K.K, (1 +m) K, (2) 
joes tI Geeta 1+oK, 


For every set of specimens, the quantities K’, K”, and 
K, are all measured directly. Using the foregoing 
equations we may thus compute the values of K,, m, 
and so o. These values are shown in Table IV with the 
probable error indicated as based on the average of 
nine sets of values. It is seen, therefore, that for 
uniform winding, drying, and impregnating conditions, 


m 

the quantity, ¢ = “XK, appears as a constant of the 
Pp 

paper which is independent of the temperature. The 

variation with temperature of the dielectric constant 

K’ of the dry paper specimen itself is shown in Fig. 12. 
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TABLE IV—VARIATION WITH TEMPERATURE OF AVERAGE PAPER CONSTANTS 
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Average paper constants 


Dielectric constant of dry paper dielectric 


Volume Computed 

ratio : from 
Paper: Air Dielectric constant of Observed average of average 
Temp. deg C Paper: Oil solid paper fiber Ratio: m/Ky nine specimens constants 
tf) m Kp o TS, K’ 

TW eee Mahi ues ale Me ee OD era nre mo ase wine Oe, ‘5 4D: E009 sovencce seen ee OFS TiO O14 era wn crews eine 2.50): #0. O05). eeietaomieii 2.52 
BE os oe aha 8 RE B87 ose Oe ee Ui eeeete wi 5b 2 'O OG eiere ec ee OSG =O 020. ke ace «sie ee 2.54: OO DOD cs. «oe oe amine 2.55 
BO). koe atk cities spe PAA A ine by ee, eee § 6010) 10..s nice eet eee OSOTS (OL O24 we. ce eres 2 56 0:05:35 neta eee 2557 


THE IMPREGNATED SPECIMENS 


Immediately following the separate measurements 
on paper and on oil, the oil was drawn into the vacuum 
temperature tank containing the assembled paper 
capacitor and vacuum impregnation took place as 
described elsewhere.2 The usual measurements on the 
impregnated specimen were then carried out; that is, 
short time continuous current charge and discharge 
curves, with the amplifier-oscillograph, long time steady 
continuous current with the D’Arsonval galvanometer; 
power factor by the Schering bridge; and total alter- 
nating charging current; all for the temperature range 
30 deg to 60 deg and 500 to 1,500 volts continuous and 
alternating voltages. 

Impregnated paper shows the phenomenon of di- 
electric absorption and residual charge in marked 
degree. The oscillographic records of charge and dis- 
charge current, as shown in the earlier papers, readily 
permit the computation of the equations of the charge 
and discharge currents, and so the further computation 
of that portion of the total dielectric loss which is due 
to dielectric absorption. The difference between the 
charge and discharge curves permits computation of 
the conductivity and of the loss arising therein. The 
sum of the losses thus computed from the d-c measure- 
ments has been found throughout to be in excellent 
agreement with the direct measurement of the loss on 
the Schering bridge. An example of this agreement is 


shown in Table V giving a summary of the measure- 
ments and computations on the three impregnated 
specimens, C-15, C-16, and C-17. These three speci- 
mens were impregnated with the oils B-15, B-16, and 
B-17, which, it will be recalled, are basically the same, 
B-16 and B-17 representing two stages of deterioration 
by oxidation. A better picture of the influence of this 


os {Te oe 


emia, a ge ett 


deterioration on the electrical behavior of the im- 


pregnated paper will be seen in Figs. 15 to 17, and 
21 to 28. The chief interest in Table V is to indicate 
those quantities which are measured and those which 
are computed, and the close agreement between the 
alternating loss as measured, shown in the fifth column, 
and the same loss as computed from the d-c measure- 
ments, as shown in the last column. The computed 
losses are the sum of those due to reversible absorption 
and to irreversible conduction. 


The general nature of the influence of the properties 
of the paper and of the oil on the impregnated product 
may be studied with greatest advantage from the 
standpoint of the changes in dielectric constant, in 
power factor, and in dielectric loss as related to tem- 
perature. 


Dielectric Constant. In Fig. 18 are shown the values 
of dielectric constant for various impregnated speci- 
mens as related to temperature. It will be seen that 
in general, the dielectric constant increases with in- 
creasing temperature, showing in this respect the 


TABLE V—ANALYSIS OF POWER FACTOR AND DIELECTRIC LOSS AT 1,500 VOLTS AND 60 CYCLES BY COMPUTATION FROM D-C 
CHARACTERISTICS 


Impregnated Paper Specimens C15, C16, C17 


Computed from d-c characteristics 


Reversible absorption Irreversible conduction Total 
Measured at 60 cycles 
In phase Initial 
Charging Dielectric component Dielectric constant Dielectric Dielectric 
Temp. current Power loss of current Power loss current Power loss Power loss 
Specimen deg C amp.Xx10- factor watt x10-° amp. x10 factor watt x10°amp x10 factor wattx10 factor watt x10-6 
6 t hed tan y P I,’ tan yr Py Tj! tan y; P; tan vo rs 
2859) escim srs OSL ash 0.00318:..... .3;294.. 5 ....2.. 168)... 0.00314... .23)252'. ... .0)..049.. 5 «0.00007. <- - 74....0.00321....3,316 
Olin tee a: 695: ae 0::00286:-.). -2,983....2, - 1950:. &....0..00280.2, 22,025). -7.8 020512 28.0300007. 2... 76....0.00287....3,000 
GOO eta 694 rs 0.00263... .2,735.....1.736....0.00250... .2,604 Lee 0)..107. ... 0.00015... . 160... .0:00265,.... <2, 764 
DOn ae. oe 67427556 O,0031S.5 3. 285. 2 2.0 25100)... 0.00312; S273, 200 oon. 0.032....0.00005.... 48....0.00317....3,198 
01: Pee AG Ox os oe B72 Sci 0700292)... 2,965 2-441. 847% 5. 0)-00273 cee Oe. 0.118. .: 0.000175. 5 9177: «0.00290... .2:947 
COCs. e 68i.-.: 0300307 <5 > 3,186.25. - 24. S08ne. 0.00276. 2 2, Ska eee ee 0.167....0.00025..... 250....0.00301... .3,067 
BOM es on eels W10 cee 0.00394....4,194..... 2.597....0.00366....3,895.....0.241....0.00034.... 361....0.00400....4,256 
Le! fy ae rates foe pear kas vi & ah 0.00456 ....4,887..... 2.532....0.00355....3,800..... 0.560....0.00079.... 840....0.00434....4,640 


GORA Tots oek (Ges sone O00660\-- 27 164. 3.176....0.00444....4,764.....1.400....0.00196....2,100. . ..0.00640... .6,864 
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influence of the paper as seen in Fig. 12 rather than of 
the oil whose dielectric constant decreases with in- 
creasing temperature, as shown in Fig. 10. Note that 
in Fig. 13 the influence of the paper is also seen in the 
relative positions of specimens C-15, C-16, and C-17, 
as compared with the corresponding paper specimens. 
There is no obvious explanation of the slight differences 
as among these three paper specimens other than 
possible slight variations in the conditions of assembly. 
The values of K” indicated in Fig. 13 together with the 
values of K’ given in Fig. 12 were those used for com- 
puting the values of K,, the dielectric constant of solid 
paper fiber, and the other constants given in Table IV. 

The general comparison of the curves of Figs. 12 and 
13 suggests at once that variations in the dielectric 
constant of the impregnated samples are largely deter- 
mined by the dielectric constant of the oil. It is in 
accord with general experience that the dielectric con- 
stant of impregnated paper may be computed from the 
values for the separate constituents when their relative 
volumes in the impregnated sample are known. From 
equations (1) and (2), it may be readily seen that 
the increase in dielectric constant, brought about by 
impregnation, expressed as a ratio is: 


Ke d+o)K, 


Fa Sina Ke, ce 

or expressed as a percentage change: 
AK ol : 
ea eS eK, @ 


in which AK = K” — K’ 


In either case, it is seen that for uniform conditions 
of winding, drying and impregnation of a given paper, 
the increase in dielectric constant at a given tempera- 
ture is a function of the dielectric constant of the oil 
K, only. Since the paper constant o is approximately 
independent of the temperature, equations (3) and (4) 
must therefore hold for all temperatures. In Fig. 14 
the drawn curves, showing the increase of dielectric 
constant on impregnation as a function of K,, the di- 
electric constant of the impregnating oil, were com- 
puted using the values of o given in Table IV and the 
equations (3) and (4) above. The measured values are 
indicated in the small circles. The independence to 
temperature of this relationship is shown by the prac- 
tical coincidence of the curves for the three tempera- 
tures, 30 deg, 45 deg, and 60 deg. The excellent 
agreement between computed and observed values of 
the increase of the dielectric constant on impregnation 
confirms the assumption that the formulas for a two- 
layer dielectric apply equally to the mixture of the oil 
and paper. This leads to the further certainty that 
in well impregnated paper, practically all of the space 
originally occupied by air in the dry paper specimen 
becomes completely filled with oil after impregnation. 
These facts are the underlying basis of the use of 
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measurements of capacitance as related to pressure 
variations during manufacture, as a measure of the 
degree of impregnation of high-voltage cables. If air 
is present in any considerable amount, as in air patches, 
bubbles, etc., the dielectric constant changes with 
pressure. On the other hand, if the paper is thoroughly 
impregnated no such variation is to be expected. It 
may be said in passing, however, that there is much 
evidence of a varying degree of completeness of im- 
pregnation which seems to lie below the range which 
may be detected by changes in dielectric constant. 
There is a range of condition in which residual air or 
moisture in amounts too small to occupy any substantial 
proportion of the total volume, may yet vary widely 
and have an important bearing on the degree of im- 
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Fig. 14—Increase IN DIELECTRIC CONSTANT WITH IMPREG- 
NATION AS A FuncTION oF Ko, THE DIELECTRIC CONSTANT OF 
THE IMPREGNATING OIL 


pregnation and the resulting life of the insulation under 
prolonged stress. 

Power Factor. The general influence of the separate 
constituents, paper and oil, on the final product in the 
matter of power factor, is indicated in Figs. 15, 16, and 
17, in which the power factor temperature relations 
are plotted for the three specimens, C-15, C-16, and 
C-17, and also in the data in Table V. In the figures 
the lowest curve y,. gives the power factor temperature 
relation for the oilalone. The curve y’ gives the corre- 
sponding curve for the paper, and the curve y” that for 
the impregnated specimen. The intermediate curve 
y,” is computed from the d-c charge and discharge 
curves. The difference at any one temperature between 
the curves y’ and y,” represents the increase in power 
factor due to reversible absorption and this difference 
is designated as Ay, This is the component of the 
increase in w, over that of the paper alone, which is due 
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to reversible absorption. The remainder of the in- 
crease Ay; is the increase in power factor due to con- 
duction of the oil, and which is spoken of in these papers 
as the irreversible conduction of the impregnated paper. 
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It will be noted in general, that of the total power 
factor of the impregnated specimen, a large proportion 
of it with the better grade of oils used, is due to the 
paper; and further, that the increase in power factor 
due to the addition of the oil is much greater than the 
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sum of the values of the power factor of paper and of 
oil. This latter is a well known result of a combination 
of two dielectrics within the same capacitor and is in 
qualitative accordance with Maxwell’s theory of di- 
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electric absorption. With increasing conductivity of 
the oil as indicated in Figs. 16 and 17, the components © 
Ay, and Ay;, the increases due to reversible absorption © 
and irreversible conduction respectively, increase sub-— 
stantially, so that as the conductivity and the power 
factor of the oil itself increase, their influence on the 
impregnated specimen finally becomes greater than 
the influence of the paper. 

Dielectric Loss. The foregoing curves tracing the 
behavior of power factor before and after impregnation © 
are plotted directly from the measurements. A more 
striking picture of these changes, however, is afforded 
by expressing the results in terms of dielectric loss. 
This is readily accomplished through the measurements 
of voltage, power factor and total charging current. 
In Figs. 18 to 24 are shown the relation between di- 
electric loss and temperature for seven of the total of 
ten specimens which have been studied. Each figure 
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shows the loss in the oil W,, the loss in the dry paper 
W’, and the loss in the impregnated specimenW”, all 
based on direct measurements. The curve W,” is also 
included giving the computed separation of the total 
increase of loss over that of the paper, into the two 
components AW, and AW,, due to reversible absorption 
and irreversible conduction respectively. Fig. 18 
shows the influence of the thin water white oil, B-8. 
This was one of the purest oils of the group, having - 
initially very low conductivity and power factor. It | 
is seen that in spite of the low conductivity of the oil, 
and the low value of AW;, the loss due to absorption 
AW, (area ‘‘1’’) is quite large. Fig. 19 shows the in- 
fluence of a well known cable oil, B-10, and Fig. 20, 
the effect of mixing rosin with oil B-10. As seen, the 
addition of the rosin causes a substantial increase in the 
loss AW,, and shifts the temperature of minimum loss 
to lower values. It has been seen in Fig. 13 that rosin 
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has also a very pronounced influence on the dielectric 
constant. Figs. 21, 22, and 23 show the influence on 
power loss of progressive deterioration as found in 
specimens C-15, C-16, and C-17. Other data on these 
specimens have been given in connection with Table V 
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and Figs. 15, 16, and 17. The pronounced influence of 
the changes in the oil is at once evident, and we discuss 
it further below. Fig. 24 is included because of the 
special interest attaching to oil B-18, the semi-refined 
oil of naphthene base. As will be seen, this oil has an 
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exceptionally high conductivity, which is reflected in 
pronounced degree in the impregnated specimen. The 
values of loss and power factor shown for this oil could 
not be tolerated in insulation for high voltage. The 
oil, however, has other interesting properties, notably 
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in the matter of stability under high stress, which are 
to be described in another paper. 


DISCUSSION 


The chief purpose of these studies has been to find, 
if possible, some definite relationship or correlation 
between the properties of the basic constituents, paper 
and oil, and those of the impregnated paper. As stated 
at the outset, the electrical properties of both paper and 
oil are highly complex, and even anomalous, and as a 
consequence, the application of such theories as we 
have for mixtures of dielectrics, is practically impossible 
because the usual normal constants of materials in- 
voked in theoretical discussion, cannot be evaluated. 
Dry paper itself shows pronounced dielectric absorption 
and the oils generally show a conductivity varying with 
the time. What values, therefore, of dielectric con- 
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stant and conductivity are to be selected for each in an 
effort to apply, for example, Maxwell’s theory? We 
have made many efforts to find constants of the two 
materials which might be used, but in all cases, the 
results are roughly qualitative only, when an effort is 
made to predict the behavior of the impregnated 
material. 

We are forced, therefore, to seek some empirical 
relationship, and here the effort to trace a correlation 
of properties before and after impregnation has been 
much more successful. This correlation has been 
possible only through the separation of the increase of 
loss in the impregnated specimen into its two con- 
stituents through the oscillographic measurements of - 
the short time charge and discharge curves. 

Before impregnation, the dielectric loss in dry paper 
is entirely due to reversible absorption. The charge 
and discharge curves are almost exactly equal and 
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opposite to each other. The loss due to irreversible 
conduction in dry paper is so small as to be entirely 
negligible as compared to that due to reversible ab- 
sorption. The exact origin or cause of dielectric absorp- 
tion in paper is a most interesting unsolved question. 
In the author’s opinion, it must be associated with the 
surface conditions over the network of cellulose fibers, 
over which surfaces there must be an assemblage of 
ions with greater or less freedom of movement, arising 
in the residual moisture and air. It is not necessary 
to pursue this picture further than to point out that 
it may readily be invoked to explain the decaying 
charge and discharge curves, a polarization in addition 
to that due to the solid cellulose structure, and a very 
low value of final or long time conductivity as measured 
under continuous potential. When the oil enters the 
paper it is obvious that these surface conditions will 
be changed and that there must be some relationship 
between the constants of the impregnating liquid and 
the change in the behavior of the original paper. For 
example the free ions in the oil may be adsorbed by the 
cellulose fibers, thus increasing the numbers already 
there as suggested above. We have in fact, found a 
relationship between the constants of the oil and the 
increase in the component of the dielectric loss which 
is due to reversible absorption. 

Irreversible Conduction. We may consider first that 
portion of the increase in dielectric loss which is due to 


DIELECTRIC LOSS 
kV/cm. 


uwWwsem. at 10 
CO 
W 
=e IMPREGNATED PAPER. CIS 
REVERSIBLE ABSORPTIO 
OF IMPREGNATED PAPER 
40 Wittu 


30 


Fig. 21—Anatysis or Spreciric Diztectric Loss at 10 Kv Per 
Cm IMPREGNATED Paper SPEciIMEN C15 


Increase in dielectric loss due to impregnation: 
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irreversible conduction. The difference between the 
charge and discharge curves of any composite dielectric 
usually has a constant value commonly attributed to 
‘the normal conductivity of the material. Impregnated 
paper behaves in this manner. The impregnation of 
the paper introduces the element of irreversible con- 
duction as shown in the various curves above in the 
upper areas “‘2’’. In view of the negligible value of this 
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component in the dry unimpregnated paper, it is evident © 
that the presence of irreversible conduction in the © 
impregnated paper must be due to the oil. This com- — 
ponent is, therefore, a pure conduction phenomenon — 
and may be thought of as a straight leakage through ~ 
the impregnated specimen; in other words, the leakage 
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afforded by oil paths in which there are no barriers due © 


to the paper structure. The phenomenon is probably 
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not actually so simple; however, the effect is due to an 
average total ionic movement in many separate paths 
permitting free ionic motion. 
the irreversible conduction loss which appears on impreg- 


If this picture is correct, — 


——— 


nation should be proportional to the conductivity of 


the impregnating oil ).. 
shown in Fig. 25 in which the quantity AW; is plotted 
in relation to \, the effective conductivity over the 
whole range of oils studied, and over the temperature 
range 30 deg—60 deg C for each oil. 

Reversible Absorption: Correlation with Conductinty 
of Oil. It has been more difficult to find a correlation 
between that portion of the increase in dielectric loss 
AW,, due to reversible absorption, and the basic prop- 
erties of the oils. For any one oil there is a definite 
relationship between AW, and the conductivity over 
the temperature range studied. This relationship is 
shown for four of the oils in Fig. 26 which indicates 


that the quantity AW, for any one oil when plotted © 


against the conductivity of the oil forms a smooth 
curve. For the high conductivity oils C-13 and C-17, 
the relationship is approximately linear. For oils of 
moderate conductivity, C-7 and C-10 AW, is practically 
independent of the oil conductivity \, over a wide 
temperature range. The points pertaining to the lower 
conductivity oils C-8 and C-15 have not been plotted 
in order to avoid confusion. These points all lie clo: 
to the ascending portion of the curve for C-10. Fo 


That this is true is clearly © 
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all the specimens as the oil conductivity }, is carried to 
low values as for example, through the lowering of 
temperature, it is seen that AW, increases. This is a 
well known property due to reversible absorption and 
is in quantitative accord with the Maxwell-Wagner 
theory of dielectric absorption. It is also seen in Fig. 26 
that the points on the different curves corresponding 
to any particular value of temperature themselves lie 
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on a smooth curve. The explanation of this fact is not 
entirely obvious. However, it may be noted that the 
purer the oil and the lower its conductivity, the lower 
the value of \, at which the curves turn upward. This 
relationship will have the tendency to throw the values 
of AW, for the different oils at say 30 deg on a smooth 
curve. The fact that the values for any higher tempera- 
ture also fall on a smooth curve then becomes only an 
indication that the law of increase of conductivity with 
temperature is the same for all the oils. 

Reversible Absorption: Correlation with Ione Density 
of Oil. We have sought, however, for a wider correla- 
tion between the properties of the impregnated product 
and the properties of the impregnating oil. Since one 
type of paper is used and in an approximately uniform 
condition throughout, it would appear that it should 
be possible to tie in the electrical behavior of the im- 
pregnated product in all cases with some single prop- 
erty or constant of the respective oils. It is obvious 
from the results described in the foregoing paragraph 
that the conductivity of the oil will not serve for this 
purpose, each oil showing a different curve. We have, 
therefore, looked to the properties of surface tension 
and viscosity as these obviously have a direct bearing 
on the degree of penetration of the oil into the paper. 
The values of these quantities alone did not appear to 
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lead to any promising correlation. However, it was 
immediately found that the product of the viscosity nand 
effective conductivity \, led to an interesting uniform 
relationship. As indicated in the earlier part of the 
paper this product is a measure of the number of free 
ions present in the oil and therefore, may be taken as 
an index of the “electrical purity’’ of the oil. In Fig. 27 
we have plotted the relationship between the increases in 
power factor Ay, and dielectric loss AW, due to reversible 
absorption, in their relation to the product 7X, for all of 
the oils studied, in their original condition. For the 
low conductivity oils, the points plotted are the average 
values for the temperatures 30 deg, 40 deg, 50 deg and 
60 deg, the points lying very close together. For the 


higher conductivity oils, the plotted points correspond 


to different temperatures. It will be seen that there is 
a remarkable relationship between the increase of loss 
due to the reversible absorption and the product of the 
viscosity and conductivity among all oils in the nor- 
mally pure and undeteriorated condition. Plotting 
points for a variety of oils and at different temperatures 
results in a smooth curve. 

A similar relationship exists over the extreme -range 
of conductivity afforded by the three oils B-15, B-16, 
and B-17, which it will be recalled are all the same oil, 
the first stage undeteriorated and two other stages of 
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increased deterioration due to oxidation. This gives 
three basic differences in conductivity at 30 deg in the 
relationship 1 to 5 to 20, with a further extension of 
range of the product 7A, through temperature variation. 
Fig. 28 shows the curves between AW,, Ay,, and A. 
for these three oils. It is seen that they are closely 
similar in shape and in position to those in Fig. 27. In 
the upper range, however, the curves of Fig. 28 fall 
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slightly below those of Fig. 27 and so the results for 
the two groups of oils have been plotted separately. 
The curves of Figs. 27 and 28 are of the general type 
y=at+ bx + cx (5) 
If we attempt to interpret this relationship in terms of 
the Maxwell theory of absorption, we find the constant 
term accounted for by the fact that even if the impreg- 
nating oil had zero conductivity, there would still be a 
loss in the combination of oil and paper due to reversible 
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absorption. The linear term bz indicates that there is 
a component of the increase AW, directly proportional 
to the free ion concentration in the impregnated oil. 
As the conductivity reaches higher values we find this 
increase, due to reversible absorption, rising more 
rapidly than in proportion to the number of free ions. 
An obvious suggestion here is that these high values of 
conductivity are usually due to an elevation of tempera- 
ture and that under these conditions, it is possible to 
picture an actual increase in the original number of 
free ions present. It is furthermore evident that this 
type of increase would be less rapid for those oils in 
which the increase of conductivity has been brought 
about by oxidation. It is certain that the ions in this 
case are larger and heavier and that the increase in the 
number of ions due to temperature elevation would 
be less. 

Our knowledge of the origins or causes of dielectric 
absorption in dry paper, and the data at present avail- 
able, do not seem to warrant any extensive effort at 
any explanation of the relationship between the prop- 
erties of the oil and those of the impregnated paper 
which has been shown above. In the foregoing the 
behavior of dry paper under continuous potential has 
been attributed to the adsorption by the surfaces of the 
cellulose fibers of electrolytic ions arising in residual air 
and moisture. This picture assumes a limited move- 
ment of such ions under electric stress and a resulting 
contribution to the total polarization of the structure. 
If it can be assumed that on impregnation the free 
ions which are present in the oil join, through the 
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processes of adsorption, those ions which have already 
been taken up by the surfaces of the paper structure 
before impregnation, we have at least a tentative 
picture which is in accord with the facts. That is, the 
increase in loss due to irreversible absorption would be 
proportional to the number of new ions added and we 
may assume that the motion of adsorbed ions on the 
surface of the cellulose fibers is different from the motion 
of ions in the body of the liquid, and so might well be 
independent of the viscosity. In any event, the follow- 
ing may be safely asserted. Of the total increase in 
dielectric loss caused by the impregnation of paper a 
portion of it is proportional to the conductivity of the © 
oil, and so depends both on the number of ions originally ) 

i 

| 


in the oil and on the viscosity of the oil. Another and 
more important portion of the increased loss is due to 
reversible absorption, is independent of the viscosity 
of the oil, and seems to depend definitely on the 
purity of the oil as measured by the number of free 
ions originally present. While no certain explanation 
of this relationship can yet be offered, such explanation 
undoubtedly lies in the particular way in which the oil 
replaces the air in the finer interstices of the paper and — 
in the conditions in the contact layer between oil and 
cellulose fiber. 

The results which have been presented pertain to — 
one type of paper only. For this reason no effort has © 
been made to evaluate the constants of equation (5) — 
nor to propose a general formula for the predetermina- — 
tion of the losses and behavior of impregnated paper ~ 
in general. It would however, be a simple matter to — 
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write such a formula for the particular paper here 
studied. It is obvious that the most promising direction 
for further knowledge of the interesting relationships 
here brought out would be a continuation of similar 
studies with the paper as the variable. If such a study 
could be carried out, it might be possible to evaluat 
the constants a, b, and c, in formula (5) in terms of the 
properties of the paper, and so to write down formulas 
permitting the predetermination of the electrical co 
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stants of any paper as impregnated with any oil; in 
other words, to place the design of impregnated paper 
insulation on an accurate engineering basis. Un- 
fortunately, the continuation of this work under past 
conditions is no longer possible. It is hoped, however, 
that it may be resumed in the not too distant future. 
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CONCLUSIONS 


1. The electrical and other physical properties of 
10 insulating oils have been examined. A single grade 
of paper was impregnated with each of the oils. The 
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electrical properties of the impregnated paper have 
been studied as related to the original characteristics 
of the oils. 

2. The measurements of dielectric constant permit 
determination of the relative volume content of oil 
and of paper fiber in the impregnated specimen, as 
well as the basic dielectric constant of the fiber itself. 

3. The dielectric constant of an insulating oil is 
increased by oxidation without corresponding changes 
in density. 
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4, The dielectric loss in impregnated paper consists 
of two components, one due to conduction and the 
other due to dielectric absorption. A general relation 
exists for all the oils and over the temperature range 
studied, between each of these components of loss and 
common physical properties of the impregnating oil. 
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5. The conduction loss in impregnated paper is 
directly proportional to the effective conductivity of 
the oil regardless of type. 

6. The increase on impregnation, of the loss due to 
reversible absorption, is a definite function of the 
product of the viscosity and the conductivity of the 
impregnating oil, regardless of type. 

7. The product of viscosity and conductivity is a 
measure of the free ion content of the oil. It is proposed 
as a measure of electrical purity of an impregnating oil. 
The function connecting this quantity with the in- 
crease in loss has been determined for one paper. Its 
determination for other papers should make it possible 
to write a general expression for the predetermination 
of the total loss resulting from the impregnation of any 
type of paper with any type of oil, in terms of the 
separate properties of each. 
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Capacitance and Loss Variations with Frequency 
And Temperature in Composite Insulation 
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BY HUBERT H. RACE* 7 


Synopsis.—Variations in electrical properties of composite 
insulation with changes in temperature and frequency are important 
because they lead to concepts of physical causes of such variations 
and, therefore, indicate how to obtain improved electrical properties 
in commercial materials. Typical experimental data are presented 
showing the capacitance and loss characteristics of synthetic resin 
laminated materials and of imperfect composite dielectrics made 
from combinations of fused quartz or glass and semi-conducting 
liquids. An example is given showing agreement between calculated 
and observed characteristics of such a glass-liquid combination. 


A. INTRODUCTION 


OR several years measurements have been made on 

a wide variety of materials, including liquids, solids 

and combinations of the two. Some of the results 

on liquid dielectrics have been published,! and this 

paper? presents data on certain solid and liquid-solid 

combinations with suggestions for physical explanations 
of the observed results. 


E Grane 


Fig. 1—Parauuevt Circuit EQUIVALENT TO SAMPLE 


Kirch? in a recent series of articles also emphasizes 
the extreme importance to design engineers of such 
studies because of the need for clarifying physical ex- 
planations of observed phenomena. A knowledge of the 
causes and mechanisms responsible for either desirable 
or undesirable properties will indicate how the first may 
be obtained and the second eliminated or at least 
reduced. 


B. ELECTRICAL CHARACTERISTICS OF EXPERIMENTAL 
MOLDED MATERIALS 


It has been found convenient to interpret all measure- 
ments in terms of the equivalent parallel circuit shown 
in Fig. 1. The complex expression for the reciprocal 
impedance of the measuring circuit is given by the 
relation 


Z1=G, +10, = wC,(e” + te’) (1) 
in which 
G, = the equivalent parallel conductance of the sample 
C, = the equivalent parallel capacitance of the sample 
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Presented at the Winter Convention of the AJ.E.E., New York, 
N. Y., January 28-27, 1933. 


682 


33-46 


Theoretical analyses are given, showing that the general form of ; 
the capacitance and loss characteristics could be caused by any one i 
of several physical mechanisms. 

As a result of these studies it seems probable that in synthetic resin — 
laminated products semi-conducting materials in small insulated — 
pockets or fibers can account for observed characteristics and can be — 
represented mathematically by the Maaxwell-Wagner theory. It is 
also shown that capacitance and loss measurements at one frequency 
and temperature cannot generally be used to predict corresponding 
values under different conditions. 


w = 27 f, where f = electrical frequency in cycles per 
second 

t =vV-1 

C, = capacitance of the same geometric arrangement of 
electrodes in vacuum 


For comparative purposes it is convenient to study 
unit quantities which may be defined by comparing the 
two forms of equation (1) as follows:4 


e’ = C,/C, = dielectric constant (2) 
e” = G,/wC, = loss factor (3) @ 
sin tan! e€”/e’ = power factor (4) — 


If e«’ is not constant a study of variations in e” is 
more important than a study of variations in power — 
factor, since e” is proportional to dielectric loss per cycle — 
per unit volume while the power factor is a trigonomet- _ 
ric function of the ratio between coefficients of dielectric — 
loss and dielectric constant, each of which may vary as — 
independent functions of the experimental variables. — 
At low frequencies and high temperatures, the loss angle — 
in commercial insulating materials may become large so 
that the sine no longer equals the tangent, and e” is © 
much more accurate than power factor as a measure of ~ 
dielectric loss. 
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Fig. 2—SpreciaLt SAMPLE, PHENoLIc Resin witH Mica, BaKep 


(1) 30 deg C, (2) 60 deg O, (8) 90 deg C 


Typical data®* for experimental phenolic resin com- © 
pounds having differing ingredients and amounts of 
cure are shown in Figs. 2.and3. For the better material, 
both capacitance and loss are practically independent of 
frequency at room temperature, but at 90 deg C both 
show an appreciable increase at low frequencies. This 
characteristic is greatly accentuated in the unc 
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material, in fact the results plotted in Fig. 3 are ex- 
tremely interesting because they indicate the causes for 
similar characteristics found on a much smaller scale in 
the better sample. Data from Fig. 3 for several fre- 
quencies are given in Table I as an excellent illustration 
of the large variations in characteristics observed in poor 
materials and the advantages of e” over power factor as 
a true measure of dielectric loss. 


TABLE I—CAPACITANCE AND LOSS DATA FOR PARTIALLY 
CURED TEXTOLITE 


€ €” PE 
Frequency SF SS ESSE 
eps 60 16° 10° 60 163) aay 10° 60 10? ~=—108 
Temp. 
On eee ROP 1292-1012 Tis 2502 0-857 £08521. 0162:0. 078.0067 
600-1906. 118. 59.0... 2 9.5...2.3.-.0- 62.0437 .0.191 20.076 
90. .45.3..16.4..8.4...30.0...7.0...0.6. :0.552.0.393.0.071 


The first conclusion from these data is that loss and 
capacitance measurements taken at one frequency and 


“4 
LOG, f 
Fig. 3—SprreciaL SAMPLE, PHENOLIC RESIN witH Mica AND 
Carson Buack, UNBAKED 


(1) 30 deg C, (2) 60 deg ©, (3). 90 deg C 


temperature can not be used to predict the characteristics at 
other frequencies and temperatures except under special 
conditions where the type of variation to -be expected is 
already known. 

The second conclusion is that when e’ is not constant, 
or the loss angle is large, changes in power factor are not 
accurate measures of changes in dielectric loss. 

This is especially true at 60 cycles per second; for 
example, in Table I the loss per cycle per unit volume 
(e”) increased 15 fold as the temperature increased from 
30 to 90 deg C, but the power factor increased less than 
four fold because the effective capacitance also increased 
nearly four fold. This has been recognized and the 
effect has been accounted for by calculating a loss factor 
by multiplying power factor by dielectric constant’ 
but the definition of e” given by equation (3) seems 
much more logical and meaningful. The third conclu- 
sion is that the physical-causes of such large changes are 
orthy of considerable further study. The following 
alculations and experiments resulted. 
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C. THEORETICAL STUDY 


The curves in Fig. 3 appear to be portions of the 
general curves for an imperfect dielectric having relaxa- 
tion characteristics: 7. e., portions to the right of the 
frequency for maximum loss in Fig. 4. There are at 
least three physical mechanisms each of which can give 
such characteristics. It is conceivable that in the same 
composite dielectric all three may be important under 


Lt DELECTRIC ConsTanT (€) 
— Loss FACTOR (€) AND 
ea POWER FACTOR (PF) 
ES FOR A HYPOTHETICAL 


[POLAR L/QU/D 

1 Less QEBYES THEORY 

[—] 7OR CASE WHERE (Ye, =2y 
+ + .———e 


LOG(w7) 


Fig. 4 


different frequency and temperature conditions and 
even that two or all of them might be operative to dif- 
ferent degrees under the same conditions. 

The three mechanisms are: 

A. Orientation of polar particles in a viscous medium. 

B. Translation of charged particles, either for rela- 
tively long distances, as at low frequencies in a liquid, 
or for relatively short distances, as at high frequencies in 
a liquid, or along semi-conducting surfaces of fibrous 
material, or within semi-conducting cells of a solid. 

C. Formation of polarized films or space charges at 
the electrodes. 

Mechanism A seems highly improbable as an explana- 
tion of the data in Fig. 3 nevertheless curves showing 
the general form of the results of this theory® are given 
in Fig. 4. 

The equations for the dielectric constant and loss 
factor of a polar liquid from which these curves were 
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Fig. 5—OneE Form oF EQuivaLENt Circuit For MEcHANISM B 


plotted were given in an earlier paper,! and it is of par- 
ticular interest to note the simple relations which hold 
at the frequency f, at which the maximum occurs. 

Anderson? measured capacitance and loss for several 
solids at high frequencies but was unable to obtain any 
correlation with Debye’s theory. 

Such a correlation is not to be expected since the 
simple theory applies only to dilute solutions. It seems 
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however that the variations found by Anderson are 
similar to those we have found and can be explained by 
the Maxwell-Wagner theory, as indicated below. 

Mechanism B seems highly probable as an explana- 
tion of the data shown in Fig. 3. This is simply stating 
in a slightly different way the mechanism described by 
K. W. Wagner” in his extension of Maxwell’s theory of 
a layer dielectric. For this particular discussion instead 
of thinking of a layer dielectric, we visualize minute 
semi-conducting pockets completely surrounded by 
good insulating walls. The d-c conduction of synthetic 
resin materials is low but the dielectric loss may be 
high. Also before synthetic resins are completely cured, 
conducting liquids may be present throughout the vol- 
ume of the material, these liquids being either ingredi- 
ents of the uncured resin or water formed by chemical 
reaction during the curing process. The mathematical 
treatment of such an imperfect dielectric is the same as 
that developed by Wagner and the behavior is the same 
as that which he described. 

This physical concept differs from that of Murphy 
and Lowry," in that they assume insulating micelles 
having semi-conducting surfaces while we picture semi- 
conducting pockets completely surrounded by insulating 
walls. Their picture may be true for fibrous materials 
containing adsorbed moisture while ours may be true 
for molded or varnish-treated materials. In either case 
the mathematical equivalent should be the same. 

Neglecting d-c conduction caused by continuous 
current paths from one electrode to the other through 
an imperfect dielectric, the heterogeneous series and 
parallel, conductance and capacitance paths can be 
represented by the equivalent electrical circuit shown in 
Fig. 5. The reciprocal impedance of this circuit can be 
expressed as 


Rw?C? [ w(C + Ci) + oe 5) 


4. TE Rest 1+ Rw 


Comparing this relation with equation (1) we find the 
following expressions for the effective dielectric constant 
e’, loss factor e” and power factor of such an imperfect 
dielectric. 


: 1 C We + Wo 
Stee, [¢: + 1 + R2°C? | wir ee (6) 
Sot 1 [ RoC? | aAw(€o — Ex) 7 
Soe oy, 1 + R®o°C? a2 + w? (7) 
PF = sin tan-(e’/e’) (8) 
where 


a =1/RC = time constant of circuit 
= (C,+ C)/C, = effective dielectric constant at 


zero frequency 

€.. = C;/C, = effective dielectric constant at infinite 
frequency 

o = 2rf 


f = frequency in cycles per second 
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The variations of these coefficients with frequency is 
shown in Fig. 6 for the case where C = C. 

By taking the first derivative of equation (7) with 
respect to w, it may be shown that for the frequency fin 
at which maximum loss occurs the following relations 
hold. | 

Wm = a (9) 
or tn = L/20ROO = Van (9a) 


aris! 1 Tec 
=F te.) <5 | (10) 


en = =(e- én) = >(—) (11) 


These equations are identical to corresponding relations? 
obtained for Debye’s theory of polar molecules. 

All that this correlation means is that both theories 
are built upon the assumption of an exponential relaxa- 
tion function whose time constant is a. Both theories 
lead to variations of capacitance and loss with logiof of 
exactly the same form and additional data is necessary 


Fie. 6—Dietectric Constant (e’), Loss Factor (e”) AND 
Power Facror (P.F.) ror Cast WHERE C = C, 1n Circuit oF 
Fie. 5 


to determine which (if either) of these physical pictures 
is applicable in any given case. 

Contrary to the statement of Gemant,'? we find that 
these two effects need not occur in widely separated 
frequency ranges but might occur in the same range 
under certain conditions. Therefore the frequency at 
which the maximum loss occurs cannot be used alone as @ 
criterion of the physical mechanism which is response 
for observed variations. 

If there is an air film between the surface of the ma- 
terial and the test electrodes, or if one or more layers of 
loss-free insulation is placed in series with the test piece, 
then the equivalent circuit shown in Fig. 7 may be 
nearer a true representation of the composite dielectri¢ 
than that of Fig. 5. It can be shown" that these two 
circuits are exactly equivalent if the relations given by 
equations (24-32) in the appendix exist between thei 
coefficients. Therefore such a composite insulation wi 
also show the general characteristics of Fig. 6. 

Mechanism C which can be represented by Fig. 7, 
also offers a possible explanation of the observed da 
since it is known that even with the best possible co: 
tact between the surfaces of a solid dielectric and tl 
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electrodes, polarization may occur. If a constant uni- 
directional potential is applied for sufficient time this 
back potential may become approximately equal and 
opposite to the applied potential." 

Sinjelnikoff and Walther" state that all the a-c losses 
may be accounted for by measuring the true resistance 
of a dielectric, taking into account this polarization 


Fie. 7—Srconp Form or EQUIVALENT CIRCUIT FOR 


MecuHanism B 


potential. This, again, seems to be simply another way 
of looking at the Maxwell-Wagner theory. 

Whitehead! has shown that oil alone and oil impreg- 
nated paper both show relaxation characteristics. He 
studies their alternating current behavior by using a 
modification of Von Schweidler’s’ theory in which the 
relaxation function is assumed to be a sum of several 
exponential terms instead of a power function which was 
used by Von Schweidler. Assuming one term only of 
the exponential function, Dr. Whitehead shows curves 
of capacitance and loss changes with frequency exactly 
similar'® to those given in Figs. 4 and 6. This again is 
to be expected since all three mathematical treatments 
start with the assumption of an exponential relaxation 
function. For the more general case where the relaxa- 
tion function is not a simple exponential this direct 
correspondence no longer holds. 
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Fig. 8—CapaciTaANcre AND Loss MEASUREMENTS FOR A SPECIAL 
TEXTOLITE AT 30 Dua C 


From the above analysis of these three mechanisms 
which lead to qualitatively similar results it seems that 
these additional conclusions may be drawn. 

a. Any mechanism causing an exponential current- 
time discharge curve after the removal of a constant poten- 
tial, should also cause an a-c dielectric loss-frequency curve 


having a maximum at fn = a/2T. 
| 
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b. Inversely, 1f a maximum is observed in the a-c loss- 
frequency curve, the exponent of the current-time curve of 
the same material should be given by this same relation. 

c. Conversely, if in a given range of frequency or relaxa- 
tion time, one of these effects 1s not found, the other should 
also be absent. 


D. EXPERIMENTAL VERIFICATION OF MECHANISM B 


Two. types of results will now be shown which seem to 
verify the concept that conducting liquids (water, 
solvents, etc.) in small pockets throughout the volume 
of synthetic molded materials are responsible for the 
observed electrical behavior. 

In Figs. 8-11 are shown the results of a series of tests 
to determine the effects of changing the conditions of 
gas evolution during the process of curing flat sheets of 
paper base textolite. These sheets are molded between 
flat steel platens and if the sheet is pressed and cooled 
under continuous pressure all gaseous products must 
either escape through the edges of the sheet by diffusion 
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Fig. 9—CapaciTANCE AND Loss MEASUREMENTS FOR A SPECIAL 
TrexTouite at 60 Dec C 


or be trapped in pockets throughout the volume of the 
sheet. Upon cooling, water or other vapors recondense, 
giving the semi-conducting pockets. Now if the press is 
opened several times, or allowed to “breathe” as it is 
called, during the curing of the sheet, it should be much 
easier for these vapors to escape. Therefore several 
samples from the same molding stock were pressed 
under identical pressure, temperature and time condi- 
tions, the only difference being in the number of times 
the press was opened or “breathed” during the curing 
of the sheet. In each case the sheet was cooled in the 
mold under pressure. 

The capacitance and loss characteristics were then 
measured at three temperatures with very interesting 
results. In the first place, the first two conclusions drawn 
from the data in Table I were again verified. From the 
table shown in Fig. 11 taking sample No. 1 for example, 
the loss per unit volume increased ten fold as the tem- 
perature was increased from 30 to 90 deg C, but the 
power factor only increased about five fold because the 


686 


effective dielectric constant had about doubled in this 
range. 

The increase in effective capacitance with increased 
temperature is thought to be caused by increased con- 
ductivity and effective short circuiting of portions of the 
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Fig. 10—CapaciTaNCE AND Loss MEASUREMENTS FOR A SPECIAL 
TEXTOLITE AT 90 Dea C 


composite dielectric. Doubling the effective capaci- 
tance indicates that half the dielectric is short circuited 
even though the individual conducting paths may be 
extremely short and completely insulated from each 
other. This fits in with the physical picture of conduct- 
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Showing the effect of allowing gases to escape during curing 


11—60-CycLe Power Factor or SprecitaL TeXxTOoLiTE 


ing liquids having a negative resistance-temperature 
coefficient in insulating cells. 

Secondly, these data prove that conducting liquids are 
a major factor in the cause of high effective capacitance and 
high dielectric loss in molded materials. 
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Thirdly, the data indicate that in molded materials 
conducting liquids are held within small pockets, or if they 
are absorbed on the surface of the paper fibers according to 
the physical picture of Murphy and Lowry," these con- 
ducting paths must be insulated from each other. 

That the former would give quantitatively similar 
results we have attempted to show by building artificial 
imperfect dielectrics from known components. The 
first attempt is shown in Figs. 12 and 13. Small fused 
quartz tubes of known dimensions were filled with semi- 
conducting liquids of known properties and the capaci- 
tance and loss characteristics were measured over the 
available frequency range. Fig. 12 shows that the maxi- 
mum in the loss curve may occur at very low frequencies 
and that wherever both the e’ and e” curves are rising 
with decreasing frequency, some form of relaxation is 
probably responsible. These curves are strikingly 
similar to those shown in Figs. 2, 3, 8, 9 and 10 and indi- 


FUSED QUARTZ TUBES 
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Fig. 12—Capacirance anp Loss MEASUREMENTS FOR AN 
ImprerFect DiELEcTRIC MaprE By SEALING ALCOHOL IN SMALL 
Fusep Quartz TUBES 


Constants for the alcohol are e’ = 4.62 and p = 1.7 X 10!° ohms per cm cube 


cate that the Maxwell-Wagner theory probably accounts 
for all the data presented in this paper. 

By simply changing the constants of the semi-con- 
ducting liquid used in the fused quartz tubes, the posi- 
tion of the maximum loss was shifted from 30 to 20,000 — 
eps, as is shown in Fig. 13. An attempt was made to” 
check these results by calculation but the circular sec-~ 
tion of the tubes and the air spaces between the tubes © 
and the brass plates necessitated so many simplifying | 
assumptions that an accurate check could not be made. — 

Therefore the same two liquids were used in a double- | 
walled glass cell of better geometric design and the mea-_ 
surements repeated as shown in Figs. 14 and 15. Here 
again the same characteristic functions were obtained 
and with the simpler geometric design they can be 
checked very closely by calculation. For example, let 
us determine the critical values for Fig. 15. The dimen- 
sions of the cell are shown. The characteristics of 
semi-conducting liquid are shown in Fig. 16. 
dielectric constant measurements of this liquid we 
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very uniform but the measurements of equivalent 
parallel conductance were quite difficult especially at 
radio frequencies because of high losses. However the 
results could best be interpreted as a constant value of 
conductance independent of frequency, as is shown on 
the curve sheet. 
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Fig. 13—CapacitaANceE AND Loss MEASUREMENTS FOR AN 
ImperFect DietEctric Mapr sy SEALING AN ALCOHOL IN 
SMALL Fusep Quartz TUBES 


Constants for the alcohol are ec’ = 16.0,p = 7.02 X 10° ohms per cm cube 


From the dimensions of the cell we calculate 


21 
C, = 0.0884 x 10-” = 48.6 < 10-" farad (12) 


219.8 
Bee. 21 = 0,:0884:¢, 10-2 —=—_—_—> 
0.2 4 0.2 

t 5 


=io1 > 10- farad (13) 
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Fig. 14—Capracirance AND Loss MEASUREMENTS FOR AN 
Imprrrect Dizitectric Mapr By SEALING AN ALCOHOL IN A 
Dovusie WALLED Guass CELL 


Constants for the alcohol are e’ = 4.62,p = 1.7 X 101° ohms per cm cube 


in which the dielectric constant for the glass is assumed 
tobe 5. The actual measured capacitance of the empty 
cell was found to be 80 x 10” farads, so the calculated 
effective area was corrected to 217 instead of 219.8 sq 
em. 
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Now the equivalent circuit for this combination is 
represented by Fig. 7, since the glass is assumed to ke 
loss free and the liquid has both conductance and e¢a- 
pacitance. Therefore we have 


5X 217 
C; = 0.0884 x 10-2 [ae — 480 x 10-” farad 
i (14) 

16 x 217 

C. = 0.0884 x 10-8 [eae 

0.2 
= 1,530 x 10-” farad (15) 
(02 

Ry = 7.02 X 10 on =G.47.<10' ohms | 1(16) 


Now converting these to equivalent coefficients in 
Fig. 5 by using equations (30-32) we have 


C = 114.5 x 10-" farad (17) 
Ci = 366 X 10-" farad (18) 
Rk = 11.3 X 10‘ ohms (19) 


Fig. 15—CapaciranceE and Loss MrasuREMENTS FOR AN 
ImperFEct DieLectric MapE By SEALING AN ALCOHOL IN A 
DovusLE WALLED Guass CELL 


Constants for the alcohol are e’ = 16.0,p = 7.02 X 10° ohms per cm cube 


Then from equations (9), (10) and (11) the characteristic 
coefficients for this composite dielectric may be deter- 
mined. These calculated values are tabulated below for 
comparison with the experimentally determined data. 


TABLE II—COMPARISON BETWEEN CALCULATED AND 
OBSERVED VALUES FOR FIG. 15 


tm €5 Ea —m” 


Calculated!ah once 1. SSS 1048 SO... eee 
Observed.......... DO) aoe Oe eee 1ONOe pecans Zit sce ie ot 1s 


The close agreement proves the applicability of the theory 
in determining capacitance and loss characteristics of such 
a composite dielectric. 

The author is happy to acknowledge his indebtedness 
to his coworkers, particularly S. I. Reynolds of the 
General Engineering Laboratory, for assistance in 
making the measurements reported in this paper. 


E. CONCLUSIONS 


1. In composite dielectrics, capacitance and loss 
measurements taken at one frequency and temperature 
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cannot be used to predict characteristics at other fre- 
quencies and temperatures except under special condi- 
tions where the type of variation to be expected is 
already known. 

2. When e’ is not constant, or the loss angle is large, 

changes in power factor are not accurate measures of 
changes in dielectric loss but changes in e” truly repre- 
sent such changes measured as watts loss per cycle per 
unit volume per (unit potential gradient)?. 
f* 3. The frequency f,, at which maximum loss occurs 
cannot be used alone as a criterion of the physical mech- 
anism which is responsible for observed variations since 
under certain conditions the different mechanisms may 
possibly cause changes in characteristics in the same 
frequency range. 
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Fig. 16—Capacirance anp Loss MEASUREMENTS FOR THE 
AtcoHoL REFERRED TO IN Figs. 138 anv 15 


4. Some form of the Maxwell-Wagner theory of im- 
perfect dielectrics is the most probable explanation of 
data on molded materials presented in this paper. 


Appendix 
RELATIONS BETWEEN COEFFICIENTS TO MAKE 
IDENTICAL THE CIRCUITS SHOWN IN FIGs. 5 AND 7 


For a simple circuit composed of R, and C, in parallel, 
the complex expression for the admittance is 


1 + pR,C 
+ iw0, = Pe 
Pp 


Y = (20) 


1 
R, 
Also for the simple circuit composed of R, and C, in 
series we have the impedance. 


i 1 + pR.C 


iw, pC, ay) 


In the second form of each of these expressions the 
operator (p) has been substituted for (7w). 

In a similar way the circuits shown in Figs.'5 and 7 
are represented by equations (22) and (23) respectively. 


1 _ VC; + pR.C.C; (22) 
eae ee Fe ee 
pC; 1 + pRC2 


Z=Rh,+ 


Y = 
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pC 


C + CC.) + pRCC 
Y appa = 1) p 1 


1+ pRC 


(23) 


By the operational calculus, the condition under 
which these last two equations are identical is that cor- 


responding coefficients of (p) must be equal. Therefore 
we have: 3 
Cf Cae (24) 
RCiCe= REG, (25) | 
and R(C2 + C3) = RG (26) 
From equations (25) and (26): 
ee RCC, m4 RC oe 
*= G0 +6) ~ G40 +O) a 
from which 
Ci 


and substituting back in equation (26) we have 
2 


C ) . 
C+Ci (29) 
Equations (24), (28). and (29) give the coefficients of 
Fig. 7 in terms of those of Fig. 5 to make the two cir- 
cuits electrically equivalent. | 

Again, if the coefficients of Fig. 7 are known, those — 
which will make Fig. 5 electrically equivalent may also 
be derived from the above equations and are as follows: 


R, = R( 


Ol 


C3 
Cae C.+C3 “GE 
C.C3 
Ga = C: zs Cs (31) 
C 
R= Rid nay (32) 
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Discussion 


THE DIELECTRIC LOSSES IN IMPREGNATED PAPER 
(WHITEHEAD) 


CAPACITANCE AND LOSS VARIATIONS WITH 
FREQUENCY AND TEMPERATURE IN COMPOSITE 
INSULATION 
(Racer) 


A.A. Bolsterli: Of the many valuable results of Doctor White- 
head’s new series of researches I wish to single out those given 
under the heading Dielectric Constant. This subject, no less than 
the others dealt with in the paper, is of great interest not only to 
the cable engineer, but to the designer of static condensers as well. 

Considering the far from simple structure of paper as a con- 
glomeration of fibers, it is remarkable that the system paper-air 
or paper-oil should resolve itself, as far as dielectric constant is 
concerned, into a simple two-layer dielectric. Evidently the 
author starts with this assumption using it for the determination 
of (K,) and (m). The correctness of the values of (Ky) and (m) 
as determined from test data rests therefore upon the degree to 
which the aforementioned assumption holds true. While there 
is no question in my mind that the author’s assumption is very 
well founded, it would be interesting to know whether any other 
ehecks were made to verify it. I have in mind the determination 
of (m) from mechanical data. If (S) is the specific gravity of the 
dry paper; (Sp) that of the solid paper fiber, the volume ratio 
paper: airis given by: 

S 
m = 5a 28 (1) 

The International Critical Tables (Vol. II, p. 237) give the 
specific gravities of fibers determined in benzene after Vignon 
as follows: 


COLLON ee eee OOO 5S 
ANON Sone eae ae eters Notte LIU 
LOM ee ees ee tere. 1.48 
Ube ere: cyte Uns he etn eae 1.48 


No value is given for cellulose fibers prepared from wood 
which make up Kraft paper. Taking the author’s values of 
S = 1 and m = 2.82 (Table IV, for 30 deg C) and applying the 
aforementioned formula (1), the specific gravity of paper fiber is 
found to be Sp, = 1.354, which value differs appreciably from 
the above figures for related fibers. Probably the difference can 
be ascribed, at least in part, to moisture content, the author’s 
figures referring to highly dried paper, whereas nothing is known 
as to the condition of the fibers to which the other figures refer. 

If a test specimen is built up in the shape of a plane-layer 
condenser with a number.of sheets of paper as the dielectric, 
it is possible to vary the volume ratio paper-air or paper-oil, 
that is to say the author’s (m), by compressing the condenser in a 
hydraulic press. If (n) denotes, the percentage compression, 
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z.e., the reduction in layer thickness referred to the thickness 
uncompressed, of the layer, the volume ratio (m) for dry paper 
at compression (n) is: 

Cae d oh) 8 (2) 
where (S) is the specific gravity of the layer uncompressed and 
(Sp) that of the solid paper fiber assumed to be incompressible. 
Substituting the values obtained by (2) in the author’s formula 
(1), the dielectric constant can be calculated for any degree of 
compression. Since the corresponding capacity measurements 
of the condenser furnish the measured dielectric constant, an 
accurate check of the two-layer hypothesis would seem to be 
possible by this method, which by way of extension is applicable 
to impregnated paper as well. 

Fig. 1 of this discussion shows the data obtained on a test 
condenser made up of 200 layers of 5 sheets each of 0.75-mil 
Kraft paper. For the calculated curve the values Ky = 5.45 
and S, = 1.354 from the author’s paper were used. In spite 
of the fact that these values are in all probability only approxi- 
mately true for the paper we used, the agreement between 
calculated and measured values is fair, as is seen from the curves. 

Mechanical compression, while scarcely a factor in cable 
design, is a well known means of controlling dielectric constant 
in paper condensers, whether they are of the compressed-gas 
dry type or the impregnated type. The method indicated above 
would seem to afford an extension of Doctor Whitehead’s method 
of predetermining the dielectric constant to inelude the feature 
of compression. 


Fig.1—DiELec- 
TRIC CONSTANT OF 
Dry Parser Dr- 
ELECTRIC IN Func- 
TION OF MECHANI- 
CAL COMPRESSION 


Dielectric layer con- 
sisting of 5 sheets of 
34 mil condenser tis- 
sue (calendered Kraft) 
thoroughly dried ,un- 
der heat and vacuum 
before test. For the 
measured values, 
compression is re- 
ferred to thickness 
under 50 lb per sq in. “Oo 5 
compression 


DIELECTRIC CONSTANT 


10 5 IS 
PER CENT COMPRESSION 


W. A. Del Mar: The research work done by the cable 
manufacturers necessarily is directed toward immediate com- 
mercial ends. Hence, while a vast amount of information is 
unearthed in the manufacturers’ laboratories, in the course of 
solving practical problems, there is little opportunity to organize 
it into presentable form, once the practical problems are out of 
the way. 

In these papers which record researches under the auspices of 
the various groups interested in cable engineering, the manu- 
facturer’s engineer encounters a great deal of familiar material 
and is pleased to see it organized into a form where it is a perma- 
nent record. Doctor Whitehead has gone through the experience 
of seeing a simple problem expand and unfold into seemingly 
endless new problems, with no end in sight. It is, therefore, a 
cause of genuine regret that we find Doctor Whitehead stating 
that this work must cease for lack of financial support. 

Cable manufacturers have discovered that oil suppliers are 
particularly ignorant of the properties of their oils as related to 
their performance in cables. Transformer manufacturers found 
that it required considerable effort on their part to interest oil 
refiners in sludge prevention, but several of them are now active 
in that field. No such activity exists with regard to cable oils. 
It would be greatly to the advantage of the oil refiners if they 
would take advantage of Doctor Whitehead’s fine ability, ex- 
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perience, organization and equipment, to educate them about 
their cable oils and enable them to sell their product intelligently 
to the cable manufacturers. 


Doctors Whitehead and Race appear to differ somewhat in 
their views of the bearing of their respective experimental data 
on the Maxwell theory of absorption in composite dielec- 
trices. It would be interesting to have the two authors explain 
the reasons for their views in greater detail. ‘ 


Hubert H. Race: Referring to the sentence in which Doctor 
Whitehead states that “In particular, in the case of insulating 
oils and cellulose paper, each of these materials is so complex 
in its dielectric properties that, to the experimenter, it is almost 
immediately obvious that a quantitative agreement with any 
theory of dielectric loss cannot be expected from the studies of 
the behavior of the paper when impregnated with the oil,” it 
seems that this comment may be made. Such a statement 
should not be discouraging to the investigator but rather it 
should challenge him to try to determine the physical reasons 
underlying these complexities. The characteristics of a dielectric 
are anomalous only so long as they remain unexplained and it 
seems that the greatest value to be gained from insulation re- 
search will come from increased understanding of the causes of 
such characteristics. 


Naming experimentally determined characteristies, of which 
dielectric absorption is a good example, is of little value unless 
they can then be studied sufficiently to obtain a physical under- 
standing of their causes. For example, if it ean be shown that 
the losses in oil impregnated paper are definitely dependent upon 
current conduction in minute restricted paths within cellulose 
fibers or in absorbed conducting films along the surfaces of cellu- 
lose fibers then such measurements can serve as definite guide 
posts in changing the factory treatment of paper and oil so 
as to decrease these conduction losses. Or again, if it can be 
shown that conduction plays only a minor part and that adhesive 
or polar orientation forces in cellulose-oil-water interfaces are 
mainly responsible for the observed phenomena, then an entirely 
different line of attack will be necessary in order to reduce these 
losses. Some data presented at the November meeting of the 
National Research Council in Baltimore (see p. 53 of the report 
of the Committee on Electrical Insulation of the Div. of Engg. 
and Industrial Research of the N:R.C., Dec. 1932) may be taken 
as a slight indication of the second mechanism as a possible 
factor contributing to the dielectric loss of oil impregnated paper. 

Reealling a few steps in vacuum tube development will indi- 
eate the point of this comment. Little progress was made so 
long as “‘current leakage’? was known only as an unexplained, 
externally measured property of incandescent lamps. The de- 
velopment of the many forms of vacuum tubes now in use was 
made possible only because the physical mechanisms and govern- 
ing laws of phenomena such as electron emission and space 
charge formation were minutely studied and thoroughly under- 
stood. Correspondingly, intensive studies of the properties of 
dielectrics may lead to important improvements in insulating 
materials. 

In diseussing changes in dielectric constant of oil with oxida- 
tion, Doetor Whitehead stresses the non-uniform distribution of 
charged particles as the possible cause- but neglects to mention 
polar orientation. In Physics, May 1932, W. N. Stoops of the 
Westinghouse Elee. and Mfg. Co. published a paper showing 
inereases in dielectric constant with oxidation of commercial 
oils, which he interprets as resulting from increases in polar 
constituents. In the Journal of Physical Chemistry, July 1982, 
I published a paper showing that increases in high frequency 
losses are caused by polar particles because the hydrophil content 
inereased with oxidation in direet proportion to the dielectric 
losses. I also found that a portion of the loss remained even 
when the hydrophil content was extrapolated to zero indicating 
that two mechanisms, namely the orientation of polar particles 
and the migration of charged particles may simultaneously be 
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contributing toward the capacitance and loss characteristies of 
an insulating liquid. : 

In my present paper it is shown that several different mechan- 
isms may lead to similar electrical characteristics and I should 
like to add that work on high loss materials such as synthetic 
resins may be directly applicable to oil impregnated paper even 
though the resultant losses in the latter are of a much smaller 
order of magnitude. Considerable additional work should 
certainly be done to obtain more information on the mechanism 
of dielectric loss and associated phenomena in composite insu- 
lation since losses generate heat and most failures which do not 
result from mechanical trouble are probably pyroelectric. 


J.B. Whitehead: Doctor Race gives us some interesting data 
on a class of insulating materials which are not often discussed, 
namely those having very high values of dielectric loss. We note 
values of power factor up to 40 and 50 per cent which thus 
approach the values frequently observed in electromagnetic 
machinery. 

Doctor Race has pointed out the value of the “‘loss factor’ 
rather than the ‘‘power factor’ for describing insulation of this 
class. He makes out a very good case. On the other hand, I 
doubt whether it would be advantageous to employ the loss 
factor for the high grade insulation which is necessary for high 
voltage equipment, as for example, impregnated paper cables. 
In this class, the loss per cu-cm often is so small that the values 
of the loss factor would become decimals of small magnitude, 
involving the use of negative exponents of 10. Moreover, 
capacitance changes with both frequency and temperature are 
small in this class of insulation, and there is no difficulty in 
passing immediately from values of power factor or phase 
difference to those of loss. It seems to me, therefore, that there 
would be no advantage in using the loss factor in discussions of 
insulation of this class. 

The paper also presents examples of the now well known 
maxima of power factor with corresponding capacitance changes 
for complex insulation over sufficiently wide ranges of either 
frequeney or temperature. This type of variation has been 
recognized by students of dielectric theory ever since the first 
extension of Maxwell’s theory of the layer dielectrie to the alter- 
nating case. Kmphasis has recently been given to a similar type 
of variation involved in Debye’s theory of polar molecular 
orientation. The fact that each of these phenomena has as- 
sociated with it a dielectric relaxation function, also is well 
known. Doctor Race emphasizes again this convenient criterion 
for the presence of the types of loss and capacitance variations 
under discussion. 

To the several physical pictures which Doctor Race is suggest- 
ing for aiding our thought of these matters, I would suggest that 
he might add that of the motion of ions of various sizes in the 
liquid portions of his dielectrics. As to his conclusion No. 3, 
that molecular orientation and dielectric absorption may occur 
in the same frequency range, the vital question here is whether 
molecules will oscillate and relatively large ions vibrate in the 
same frequency range of alternating stress. My own feeling is 
that they are not likely to do so and that changes in capacitance 
and power factor in commercial materials and in the lower ranges 
of frequency are due to the various manifestations of anomalous 
conduction and dielectric absorption, rather than to molecular 
orientation. 

R.J. Wiseman: Doctor Whitehead’s paper is an addition to 
several papers by him on the dielectric losses in impregnated 
paper which try to show us where these losses come from, some 
of the influencing factors and what kind or kinds of oil are best 
suited to obtain the highest efficiency in cable operation. This 
last paper tends to indicate that the so-called oil-filled type of 
cable is, in the last analysis, the only true one. Theoretically, 
this is true. Practically and economically it is not necessarily so. 
We have had and still have very good operation on the solid type 
of cable up to and including 66 kv. One must not be led to assume 
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that by using special highly refined oils, we are going to eliminate 
cable failures. 

Doctor Whitehead refers to power factor of the dielectric in 
high voltage cables and in impregnated paper condensers within 
the range of 0.001 to 0.003. JI have yet to see either in oil-filled 
cable or solid type cable, a power factor of 0.001. We do get 
about 0.003 in the beginning, but with time, this will increase. 
We cannot assume, even though we would like to, that it will 
stay around 0.003. It is true, as Doctor Whitehead states, that 
under most conditions, the losses in the dielectric for all voltages 
are small, as compared with those in the conductor and so do 
not seriously limit the current carrying capacity of the cable. 

We prefer not to lead the user to believe that they are not 
going to change nor do we want him to think they are going to 
increase to a dangerous value. Actually, today, the types of oils 
that are used are practically quite stable and the user need have 
no fear of them. The problem confronting the cable user today 
is not so much the stability of the dielectric, but the lead sheath. 
For the past ten years we have been urged to improve our oil 
and paper, lower moisture content, lower void volume, which 
means in turn, higher oil content. All these were necessary and 
have been accomplished, but we still get cable failures. An 
analysis of these failures indicates many due to the lead sheath. 
We assign the cause as defective lead and we give the manu- 
facturer of the cable a black mark. 

About two and one-half years ago the company the writer is 
associated with started studies on the influencing factors of good 
cable operation. Elaborate researches have been conducted by 
simulating operating conditions with overvoltage tests. As a 
part of this study we watched the change in power factor, hot 
spot temperatures, internal pressures and sheath expansion. We 
have had eases of practically no change in power factor up to the 
time of failure and again a rapidly increasing power factor, but 
a long time to failure; we have noted hot spots at which failure 
has occurred and a few eases away from a hot spot; internal 
pressures at the conductor have been as high as 115 lb per sq. in. 
and at the sheath 80 to 85 lb per sq in.; permanent expansion of 
the sheath and again moderate elasticity. Examination of the 
eable after failure has indicated migration of the oil from the 
conductor to the sheath, leaving dry zones in which ionization 
has and yet has not occurred. The most startling of all were the 
very high internal pressures developed. We immediately as- 
sociated these with the lead sheaths and studied what influence 
they would have. Samples of lead sheath were subjected to 
constant internal pressures of 40 lb per sq in. at room tempera- 
ture, 40 deg C and 53 deg C. The sheaths at 53 deg C expanded 
quite rapidly and burst, those at 40 deg C also showed a definite 
expansion and with time, burst; those at room temperature 
expanded, but did not burst. 

Calculation of the hoop stresses in the lead showed a tensile 
strength over that permissible, according to recent, studies such 
as those by Professor Moore of the University of Illinois, for the 
lead to stand if it is not to stretch. Here is a clue to the failure 
of cable and where we have assigned the cause of failure to 
manufacture, actually, it is an operating cause resulting from 
internal pressures which the lead physically cannot withstand. 
In improving our dielectric we have forgotten the protecting 
sheath. We have not changed our tables of lead sheath thick- 
nesses ever since they were originally gotten up, which was on a 
rule of thumb basis. Only recently has it become serious and our 
next step in improved quality of cable and, therefore, cable 
operation, is to face the facts and increase our lead walls, par- 
ticularly for cables over 2.5 in. in diameter. A 1/64 in. increase 
will greatly help, but we should go further and base the thickness 
for these large diameter cables on a maximum hoop stress of 
about 180 Ib per sq in. for a constant internal pressure of 20 lb 
per sq in. Unless we do, we are not going to reduce materially 
the record of cable failures. The inerease in cost of cable is 
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moderate, far less than the cost of replacement of a section which 
has failed. This subject equally is as important to all of us as 
further improvement in the dielectric. 

J. B. Whitehead: The importance of fundamental physical 
and chemical research into the properties of dielectrics cannot 
be emphasized too often. 

Doctor Race has ‘criticized more than once my use of the term 
“dielectric absorption” for describing the well known phenomenon 
of residual charge in complex dielectrics. Whether or not we 
understand completely all of the phenomena leading to residual 
charge, there obviously is a practical advantage in having a 
brief term for the convenient description of the phenomenon. 
Moreover, the use of such a brief term should not, and prob- 
ably never does, imply indifference to the importance of the 
study of underlying causes. But beyond this, there are other 
even better grounds warranting the use of the term. It has 
been used by distinguished students of dielectrics, reaching 
back to the time of Maxwell, for the description of the im- 
portant phenomenon of residual charge, and for which he has 
given us his classical theory. Let it be remembered that when 
two dielectrics having different values of conductivity and di- 
electric constant, are mixed, we shall have the phenomenon of 
residual charge or dielectric absorption. It may be that the 
conductivities and dielectric constants are complex as caused by 
ionie adsorption, space charge, molecular orientation, or other 
cause. The basis phenomenon will always remain. Perhaps 
Doctor Race will suggest a better term for convenient reference 
to this by far the most important eause of dielectric loss at 
low frequencies. 

Doctor Wiseman raises the question as to the relation of our 
results to the performance of commercial cables. While the 
improvement of the latter is always the ultimate object of our 
work, I take it that the first principle of all basic research is the 
uncovering of new knowledge and facts. Thus, the point of 
view in our research has been a determinatoin of the ultimate 
available properties of impregnated paper, the explanation of 
these properties, and the laws which govern them. It may be 
that at the present moment, our results only constitute a remote 
target which it may be impossible to hit, or even reach, from the 
standpoint of present commercial economics and practise. On 
the other hand, the visibility of the target will be a stimulus for 
the development of new means of reaching it, and a proof of the 
value of additional expenditures to that end. In short, the 
value of spending more money to get better cables. 

We have in this work however, approached very closely the 
conditions of practise in the oil-filled cable. I believe that our 
results may be used with great reliability in any comparative 
study of the relative values of different oils for that type of 
eable. Doctor Wiseman admits this, but calls attention to 
limitations of a quite different sort, which are inherent in the 
solid type of cable. Our work has not attacked the great prob- 
lems of sheath expansion, and gaseous ionization as a result of 
temperature cycles, in the solid cable. It may be pointed out 
here, however, that when under progressive development, the 
oil-filled principle becomes more general and when, if ever, the 
solid cable, through increasing sheath thickness or by other 
means, ever reaches the stage where it is free from internal voids, 
engineers will then turn to the basic researches of ourselves and 
others who are endeavoring to formulate the underlying proper- 
ties and laws of the materials, as the only limitations to per- 
formance in practise. 

H. H. Race. Professor Whitehead has apparently misinter- 
preted my comment regarding the use of the term ‘“‘dielectrie 
absorption.””’ The report on ‘‘Proposed American Standard 
Definitions of Electrical Terms’ defines dielectric absorption 
“that property of an imperfect dielectric whereby there is an 
accumulation of electrie charges within the body of the material 
when it is placed in an electric field.” This then is an externally 
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measured property of a composite dielectric as a whole and carries 2. How far and how fast do they move? 

with it no necessary explanation of the physical causes of its 3. Do they accumulate to form space charges at the electrodes 
origin. I do not object to the use of the term dielectric absorp- or is the displacement uniform throughout the material? 

tion nor have I any other name to offer, but I should like to A. How can the formation of ions be prevented? 

emphasize again the need for studying more intensively the 5. What part is played by orientation of polar molecules in a 
underlying physical phenomena so that for representative dielec- viscous liquid medium? 

trics answers may be obtained to questions such as the following: 6. What part is played by films of polar liquids adsorbed on 


1. What is the source and size of ions? cellulose fibers in oil impregnated paper? 


A New Method for Initiating the Cathode Of 
An Are 


BY J. SLEPIAN* 


Fellow, A.I.E.E. 


I. INTRODUCTION 


HE specific form of electrical discharge in gases 
which we know as the electric arc is a most essen- 
tial and useful element in many types of engineer- 

ing apparatus and in many applications. Its utility in 
arc lamps, arc rectifiers, arc welders, lightning arresters 
spark gaps is obvious. Where the arc is useful, it owes 
its utility to its ability to carry large currents at a low 
voltage to a degree incomparably greater than that of 
other forms of discharge such as glows, Townsend dis- 
charges, cathode rays, positive ion currents, etc. 

The origin or seat of this great capacity to carry large 
current at low voltage which is enjoyed by the arc re- 
sides quite definitely at the cathode, where with a drop 
of only ten or twenty volts, thousands of amperes per 
em? are carried. In fact it is only at the cathode that 
the are differs essentially from the glow for which the 
cathode drop is usually several hundred volts, and the 
current density even at atmospheric pressure is only 
about ten amperes per cm.? The problem of the forma- 
tion of an arc, as distinguished from other types of dis- 
charges, then reduces to a study of the cathode of an 
arc, and the circumstances which cause an are cathode 
rather than a glow cathode to form. 


II. THEORIES OF CATHODE OF AN ARC 


Since gases are normally insulating, the maintaining 
of a discharge requires the presence of ionizing agents. 
In the gas itself, ionization by collision with molecules 
of electrons accelerated by the electric field, seems to be 
adequate to account for the observed conductivities, at 
least at low gas pressures. At high gas pressures, of the 
order of atmospheric, thermal ionization of the gas seems 
to play a part,’ and it has been found that high enough 
temperatures are observed? to produce thermal ioniza- 
~ tion. 

At the cathode a space charge sheath exists and the 
whole current must be carried either by electrons 
liberated from the cathode or by positive ions from the 
gas. If the current density is very small, the latter 
alternative is sufficient and is probably the mechanism 
of the Townsend or dark discharge occurring at high 
gradients, just below the sparking potential for the 
electrode configuration in the gas. The ionization of the 
gas near the cathode is produced principally by ioniza- 
tion by collision with gas molecules or positive ions. 


*Westinghouse Hlec. & Mfg. Co., Hast Pittsburgh, Pa. 

1. Compton, K. T., Phys. Rev., 21, 266, 1923. 

2. Ornstein, Phys. Zeits., 32, 517, 1931. V. Engel and Steen- 
beck, Wis. Veréff. and Siemens. Konzern, 10 (No. 2), 155, 1931. 
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As the current density in the Townsend discharge is 
increased, the space charge of positive ions near the 
cathode causes an increase in the gradient there, and 
finally electrons are set free from the cathode by impact 
of positive ions or excited atoms. The essential charac- 
ter of the discharge is not changed, however, and the 
setting free of electrons from the cathode by such im- 
pacts may well be included in the general term ioniza- 
tion by collision. If there is no other source of ioniza- 
tion than ionization by collision as thus generalized, in- 
crease in current density will change the Townsend 
discharge continuously into the glow with a minimum 
drop at the cathode of several hundred volts, and with 
a current density, at this minimum, of about ten am- 
peres per cm? at atmospheric pressure, and varying as 
the square of the pressure. Increasing the current 
density above this figure raises the cathode drop. 

Ionization by collision alone then can account only 
for low current density discharges requiring at least 
hundreds of volts. For an are cathode to occur, some 
new ionizing agent must make its appearance. The 
search for what this new ionizing agent may be forms an 
interesting chapter in electrophysics. 

The first theory was that thermionic emission at the 
cathode is this new ionizing agent. In most types of 
ares the cathode is at a high temperature, and for some 
ares, certainly at a temperature high enough for suffi- 
cient thermionic emission. However, it is certain that 
steady ares do exist with cathodes which are too cold 
for thermionic emission,‘ and that arcs are formed from 
glows in times which are too short for the cathode to 
heat up. Other ionizing agents are necessary for these 
non-thermionic ares. Note, however, that for these 
thermionic ares a considerable energy input is necessary 
to bring the cathode up to the necessary temperature so 
that such an are cannot be formed from a glow in a 
short time. 

Another theory, and one which is widely accepted, is 
that in the arc, a very high positive ion space charge 
density adjacent to the cathode produces so intense an. 
electric field there that electrons in sufficient number are 
pulled out from the cathode.’ To form so intense a space 
charge, however, calls for a current density of several 
thousand amperes per sq cm’ so that according to this 
theory such current densities are necessary before an arc 
cathode can be formed. 

3. Thomson, ‘‘Conduction of Electricity Through Gases,’’ 
2ed., p. 604. 

4. Stolt, Zeite f. Phys., 26, 95, 1924; Ann d. Physik 74, 80, 1924. 

5. Slepian, Jour. Frank. Inst., 201, 79, 1926. 


6. Langmuir, G. HE. Rev,, 26, 731, 1923. 
7. Slepian and Haverstick. Phys. Rev..33, 52, 1929. 
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Still another theory is that very intense thermal 
ionization in the gas layer immediately adjacent to the 
cathode supplies sufficient positive ions to carry the 
current to the cathode.* Here again, because of the 
large heat loss from this hot gas layer to the cold 
cathode, a considerable current density is necessary. 

We see that according to all these theories a consider- 
able energy input density or current density at the 
cathode is a prerequisite for the formation of an arc 
cathode. 


Ill. METHODS FOR INITIATION OF AN ARC CATHODE 


The problem with which the authors have been con- 
cerned, and whose solution forms the subject of this 
paper was the frequent repeated initiation of an arc 
cathode upon a cold electrode within a very short and 
precisely placed time interval, less than a thousandth of 
a second, and in gases at low pressures. It is well to 
consider the known methods of are cathode initiation 
to see how closely they come to meeting the require- 
ments of this problem. 

1. The Thermionic Cathode. The method of using a 
cathode with a separate source of energy to bring it up 
to a temperature sufficient for thermionic emission is 
regularly used in hot “filament” gas-filled tubes. How- 
ever, if the “filament” is to be of reasonable size, and 
the separate source of energy not excessively large, the 
filament cannot be brought up to the necessary tempera- 
ture in the required small time. 

2. Separating Contacts. When metallic contacts are 
separated in circuits carrying an ampere or more, an 
are is formed at once.''Several theories have been ad- 
vanced as to the way in which the are cathode is formed 
there. These theories depend upon the great concentra- 
tion of the current and intensification of the electric field 
at the last ‘contact point of the separating electrodes.?? 

Although this method is widely used in switches, are 
lamps, welders, and for starting of mercury arc recti- 
fiers, the mechanical inertia of the separating contacts 
makes this method impractical for solving the problem 
set by the authors. 

8. The Blowing Fuse. Closely related to the method 
of separating contacts is the blowing of a fuse wire. 

By using a fine wire or film, the quick and accurate 
starting of the arc can be accomplished. The require- 
ment of quick and frequent repetition of the starting 
operation, however, introduces difficulties. One possi- 
bility is the quick formation and re-formation of a 
conducting film upon an insulating surface by condensa- 
tion from a metal vapor, and the authors have had some 
success in this way, but the method which is described 
later in this paper is believed to be better. 

4. Spontaneous Transition from Glow to Arc. A glow 
between electrodes may be readily and quickly started 
by the application of sufficient voltage. In many cir- 

8. Slepian, Phys. Rev., 27, 407, 1926. 


9. Killian, Phys. Rev., 37, 1678, 1931. 
10. Slepian, A.IL.E.E. Journat, 45, 930, Oct. 1926. 
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cumstances the glow cathode will change spontaneously 
into an are cathode. For example, if the energy density 
at the cathode is large enough, the cathode will heat up, 
and may reach a temperature for sufficient thermionic 
emission to permit the change to an arc cathode. But 
at low gas pressures, since the glow current density is 
very low, such heating cannot occur, and at high gas 
pressures, the heating is still too slow to solve the prob- 
lem of the rapid and repeated initiation of the arc 
cathode required by the authors. 


Nevertheless, sudden and rapid transitions to the are 
form of cathode do occur in actual glows even at low 
gas pressures. The causes of such transitions are not 
well understood, and the prevention of such occurrences 
is the fundamental problem of mercury arc rectifiers 
and similar devices. 


Researches of the authors" and others! indicate that 
these causes are spontaneous and randomly occurring 
agents lasting individually for only some few millionths 
of a second, and which somehow cause a sufficiently 
high current density to appear at some point of the 
cathode for maintaining an arc cathode. The average 
frequency of occurrence of such causes varies in a direct 
manner with the current density and voltage of the 
glow. At low gas pressures, where the glow current 
density is very small, the average frequency of occur- 
rence of these causes is too small for the solution of the 
authors’ problem to be found in this way. Only at high 
pressures, about atmospheric, is the frequency of occur- 
rence of these causes great enough to give certainty that 
an arc cathode will form within a few thousandths of a 
second.® 


. 5. The Electric Spark. This method deserves a 
special place because it deals with a transient form of 
glow cathode which is particularly effective in initiating 
an are cathode at high gas pressures. The spark is 
initiated by high voltage breakdown between spaced 
electrodes, and since the only ionizing agent at the 
cathode is ionization by collision, we must describe the 
cathode condition as a glow. The characterizing feature 
of the spark is the very rapid growth of the current sent 
through the discharge. Since the glow cathode which 
initially covers only a small area spreads rather slowly,'* 
a very high current density may be built up momen- 
tarily in the glow cathode. Ifa sufficiently high current 
density may be reached in the glow the frequency of 
occurrence of spontaneous transition causes becomes 
sufficiently great to insure the prompt initiation of an 
are cathode. 

At low gas pressures, even with high applied voltages 
from sources capable of giving a rapid rate of increase 
of current, the current density in the glow cathode re- 
mains low and an arc is not struck. Generally, one 
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would say that a “spark’’ does not form at low gas 
pressures. 

6. The High Frequency Discharge. This method is 
closely related to the methods described in 4 and 5. A 
discharge is started between spaced electrodes by appli- 
cation of sufficient voltage of high frequency. Again, 
since the only ionizing agent is ionization by collision, 
condition at the momentary cathode must be described 
as a glow. However, in the high-frequency glow the 
current density may be very large compared to that at 
the cathode of a steady or low-frequency glow. In the 
steady glow the current density at the cathode is limited 
by the space charge of the positive ions. But in the 
high-frequency glow such space charges do not have 
time to form. Thus high-density positive ion currents 
will flow in alternate half cycles and with such high 
current density the frequency of occurrence of spon- 
taneous glow to arc transitions will be very great. 

The method of the high-frequency discharge appears 
to be practical according to the experience of the au- 
thors, but they believe the new method to be described 
in this paper is better. 

7. Striking a New Cathode from an Already Existing 
Arc. Conditions at an electrode made negative to an 
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Fig. 1—OscittograM SHOWING INSTANTANEOUS VOLTAGE AND 
CurRRENT OF I@nITING ELECTRODE 


existing discharge are essentially the same as those at 
the cathode of a self-maintaining glow, except that the 
positive ion currents may be drawn at a voltage in it- 
self too low for the maintenance of a glow. To insure 
the prompt striking of an are cathode at such an elec- 
trode, the methods already described as effective for the 
- glow may be used. 
~ However, in this case, an additional possibility exists. 
The density of ionization of the already existing dis- 
charge may be raised to so high a value adjacent to the 
electrode that even with low applied voltage, the posi- 
tive ion current density will be so large that there will 
be prompt occurrence of a cause for transition to an are 
cathode. This is the method used in the Deion circuit 
breaker" for striking new cathodes on the many plates 
in the deionizing chamber. The are which is first drawn 
at separating contacts is driven by a magnetic field up 
into slots in the plates, where the reduction of are sec- 
tion so increases the density of ionization that arc 
cathodes at once form on the plates. 

The authors have also successfully applied ne 
method to the striking of an are cathode to a mercury 
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electrode in an evacuated vessel. An arc from a sepa- 
rately heated thermionic filament cathode was started, 
but it was compelled to take a constricted path close to 
the mercury, thus causing the density of ionization to 
be very high there. A small voltage difference between 
the mercury and the discharge would cause the prompt 
formation of an are cathode on the mercury. 


IV. THE LIGHT CONTACT ARC STARTER 


A form of are cathode starter of the separating con- 
tact type devised by the authors deserves special men- 
tion, because to a considerable degree it was free from 
the inertia difficulty of ordinary separating contacts. 
A small section pointed tungsten rod was placed in a 
mercury arc tube so that it dipped slightly to a depth 
of about one millimeter below the mercury surface. On 
sending sufficient current through the rod, the cathode 
of an arc was promptly started at the rod-mercury junc- 
tion, and this starting could be regularly repeated sixty 
times per second. The explanation is believed to be as 
follows: 

The current through the rod heated the rod-mercury 
junction, but the temperature had only to rise to that 
at which mercury has a vapor pressure of one millimeter, 
that is, about 125 deg C when a film of vapor would form 
around the rod, separating it from the rod, and starting 
an are cathode on the mercury. In the particular tube 
used, when such an arc cathode started, the current was 
diverted to another anode and the are cathode moved 
on the mercury surface away from the rod junction. 
With the current diverted from the rod, the film of 
vapor around the rod point promptly condensed, so 
that the starter was ready for a repetition of the process 
within a sixtieth of a second. 

With an immersion of one millimeter, about 200 am- 
peres was necessary for regular striking of the arc. With 
less immersion, less current could be used, but with the 
lesser immersion the mercury would sometimes be 
thrown mechanically out of contact with the rod and 
would require several sixtieths of a second to return and 
make contact again. 


V. THE NEw ARC STARTER 


In attempting to develop a starter of the type of the 
preceding section and also of the type mentioned at the 
end of 3 in section III, it was discovered that a rod of 
relatively high resistivity partly immersed in mercury 
had very extraordinary properties with respect to the 
initiation of are cathodes on the mercury surface. The 
first observations were made on a carborundum crystal. 
It was found that about ten amperes flowing through 
the crystal would start an are cathode, and unlike the 
tungsten rod of the previous section, this current mag- 
nitude for starting the are cathode varied very little 
with the degree of immersion of the crystal. The voltage 
required for starting varied with the length of the crystal 
above the mercury and was less than 100 volts for mod- 
erate lengths. 
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The starting of the arc was extremely regular and re= 
liable. Fig. 1 shows an oscillogram of operation of a 
mercury pool cathode vapor tube with such a starter. 
The starter electrode was connected to the anode of the 
tube through an auxiliary external rectifier, and the 
whole was placed in an alternating current circuit. As 
will be seen from the oscillogram, in each half cycle of 
polarity proper for sending current through the external 
rectifier, an arc was started in the tube. 
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Fie. 2—Curve SHOWING VARIATION OF MrAN TIME FOR 
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This extraordinary property for starting an are 
eathode was found to be generally enjoyed by materials 
of considerable resistivity. Thus similar results were 
obtained with starter rods made of lightning arrester 
resistor material (clay, lampblack mixtures), globar re- 
sistors (special carborundum heating elements), galena 
and ferro-silicon. 

No wasting away of the starter rods could be observed 
even after long periods of operation. Some rods on life 
test have now been operating sixty times per second, 
24 hours per day, for over seven months with no observ- 
able deterioration. 

The mercury pool was not an essential element in the 
operation of the starter, as regular operation was ob- 
tained with a starter rod partly buried in solidified tin, 
as well as with a molten tin cathode. Operation was 
obtained also in air at atmospheric pressure. 

The time required for the formation of the are cathode 
after the application of the necessary voltage was found 
to be extremely short. This was investigated with the 
cathode ray oscillograph by W. E. Berkey. The follow- 
ing results are typical. For a resistor rod of 1% in. diam- 
eter in mercury dipping 14 in. below the surface and 
extending 1 in. above the mercury, the minimum volt- 
age for starting the are before the rod would heat up 
appreciably was found to be approximately 130 volts. 
A sudden application of 250 volts would start the arc 
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within less than five microseconds. As the voltage was 
reduced, longer time delays between the application of 
the voltage and striking of the arc were observed. These 
times varied considerably in test repetitions. Fig. 2 
shows the average variation of the mean time with 
voltage. 


VI. OBSERVATIONS BEARING ON THE THEORY OF THE 
NEW STARTER 


The insensitivity of the new starter to the degree of 
its immersion in the mercury indicated that its opera- 
tion did not depend upon an actual breaking of contact 
with the mercury. This is confirmed by the operation 
of the starter buried in solidified tin, and it was also 
confirmed by operation obtained where permanent elec- 
trical contact below the surface of the mercury was in- 
sured by means of a tight metal clamp, and also by a 
copper sprayed portion of the rod below the mercury 
surface. 

When operated just below the voltage required for 
regular operation, frequent tiny sparks would be ob- 
served at the mercury-rod junction. This suggested that 
the seat of the phenomenon resided at the mercury-rod 
junction, and also suggested that the operation might 
take place in roughly two stages, each stage setting 
different requirements. First would be the starting of a 
tiny arc cathode, the tiny sparks observed above. This 
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would call for a very high electric gradient, or very 
large concentrations of energy to effect a thermal ex- 
plosion at the mercury-rod junction similar to what oc- 
curs at the last contact point of separating contacts. 
Second would be the building up of the small current 
flowing from this tiny are cathode to an are current suf- 
ficient to short circuit the rod to the holder or another 
anode. This would call for the ability of the side of the 
rod immediately adjacent to the tiny “spark” or are 


June 1933 


cathode to carry considerable current as the anode of an 
are. 

Both of these requirements seem to call for the exis- 
tence of an electric gradient down the rod to the mer- 
cury-rod junction. The necessity for such a gradient 
is beautifully illustrated by some experiments of 
L. Smede. 

As illustrated in Fig. 3, a hollow cylindrical starter 
made of globar was used. Good contact with the 
internal surface of this cylinder was made up to a level 
B by means of an amalgam. The electrical connection 
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Fig. 4—Curve SHOWING VARIATION OF IGNITION VOLTAGE 
witH Lenerx or IeniTING ELECTRODE 


to the amalgam was brought in under the mercury and 
of course was insulated from the mercury. A barometric 
connection permitted the mercury level to be raised and 
lowered. The voltage required by the starter for regular 
operation was observed for different levels of the mer- 
eury. The results are shown in Fig. 4. 

The impressed potential existed between the internal 
- amalgam and the external mercury. When the mercury 
level was considerably below B, there would be current 
flow down the cylinder to the mercury from above, and 
therefore a gradient down the starter to the mercury. 
As the mercury level approached close to B, more of the 
current would flow across the cylinder wall to the mer- 
cury junction, and less down the cylinder wall. Hence 
for a given voltage, the gradient down the rod would be 
lessened. Hence if a gradient of a definite magnitude is 
necessary down the starter at the junction, the voltage 
required for starting should rise rapidly as the mercury 
level approaches B. This, the curve of Fig. 4 shows to 
have been actually the case. 


VII. THEORY OF THE NEW STARTER 


The observations of the previous section suggest that 
with respect to voltage and energy concentration, con- 
ditions at the starter rod-mercury junction must be 
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similar to those occurring at the last contact point of 
separating contacts. Electrostatic theory shows that 
this is the case. Fig. 5 shows the equipotentials and cur- 
rent flow lines for a slab of starter material with parallel 
plane sides and dipping down a great distance into the 
mercury. This field distribution is taken from Maxwell 
“Electricity and Magnetism,” 3d edition, Art. 1938, 
p. 297, and assumes that the electrical resistivity of the 
mercury is negligible compared to that of the starter 
material. The current and voltage concentration at the 
mercury junction are quite clear. 

From the mathematical formulas of Maxwell in the 
reference just given, we calculate that the potential 
gradient along the starter side near the mercury junction 
is given by 


dV J TEA ee i 
Hae SING ay a) 
where d is the thickness of the slab, X ~, the gradient 
along the slab far from the junction, and z, the small 


distance from the junction at which the gradient As 
exists. According to this formula, the gradient, and 
with it the current density, becomes infinite at the junc- 
tion where x = 0. 

Of course, the formula (1) may be considered as 
applying only so close to the junction as the material 
may be considered continuous. If we assume that we 
may consider the material continuous down to atomic 
distances, that is down to x = 10-* cm, and if we take 
the slab thickness as 0.5 em, we have for the gradient 
at the junction, 


dV 
dx 
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Fig. 5—D1aGramM oF EQUIPOTENTIAL AND CURRENT F'Low LINES 
IN A Stas Type IenitiIng ELECTRODE 


If we adopt as our criterion for the starting of an arc 
cathode, the appearance of a gradient of 10° volts per 


dV 
cm at the junction, we have for gradient, Rr remote 


from the junction 
Xo = 200 volts per cm (3) 
Actually, less than 100 volts per em were sufficient 
for starting an are cathode with the materials tested. 
It seems likely that other phenomena peculiar to the 
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carrying of current across contacts appear also at the 
junction, such as transition films of high resistivity, or 
the drawing up of small particles forming bridges, as 
suggested by Holm. 


The first requirement for the starting of an are 
cathode at the junction then seems to be the impressing 
of a gradient, X ~ of the order of 100 volts per cm along 
the starter rod. This practically sets a lower limit to 
the resistivity of the rod material, since with ordinary 
metals and reasonable rod dimensions, the current 
required to maintain such a gradient would be enor- 
mous. We may perhaps set 10-2 ohms per cm’ as the 
practical lower limit of resistivity of a Siar — & 
reasonable dimensions. re 


The requirements of the second stage of the formation 
of the arc, however, set an upper limit to the resistivity 
of the rod. The tiny are which forms at the junction 
must grow to a magnitude sufficient to short-circuit 
the rod. Since the tiny arc first flows to the rod side as 
anode, the resistivity of the rod must be low enough to 
permit the flow of sufficient current through the rod 
side without requiring excessive voltage. Actually, it 
was found that the voltage required for starting in- 
creased with the resistivity of the rod material. We may 
probably set a few thousand ohms per cm? as the upper 
limit for the resistivity of the starter rod. 


Applications of the New Starter. Applications of the 
new starter will be obvious to those familiar with grid 
controlled gas tubes. In such tubes, until now, an arc 
cathode was permanently maintained by a separately 
heated thermionic cathode or a keep-alive arc. The 
starting of an arc to a main anode was then controlled 
by a grid. Now the permanent are cathode and con- 
trol by the grid may be eliminated, and the starting of 
the arc to the main anode effected’ and controlled 
entirely by the new starter. Thus many of the problems 
associated with the use of grids, particularly for large 
currents, are completely eliminated. 


Discussion 


H. E. Edgerton: An are starter is used at the Massachusetts 
Institute of Technology for stroboseopie studies of the angular 
oscillations of synchronous machines, and for taking high speed 
motion pictures on continuously moving film whereby the start- 
ing is accomplished by means of a suddenly-applied high voltage 
on an external grid or starting band which is located close to the 
junction of the mercury and the glass. The necessary high 
voltage is obtained easily and accurately timed by a condenser 
discharge through a grid-controlled gas-filled tube, such as the 
thyratron, and a step-up transformer. Further descriptions of 
the arrangement are contained in an article in the Review of 
Scientific Instruments, October, 1932, p. 535, by K. J. Ger- 
meshausen and the writer. 

The cathode spot always appears at the junction of the glass 
and the mercury when an external starter is used. Small spots 
are seen there even when the anode is disconnected, some- 
what as described by the authors. These facts indicate that the 
starting mechanism may be similar to that described by: Slepian 
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and Ludwig, namely, the establishment of a high potential 
gradient. 

The authors have made a valuable contribution to the pool 
type of mereury-are tube, and this new starter may aid us in our 
efforts to get accurately-timed high-speed stroboscopic light. : 

W. M. Goodhue: The physical condition existing in a grid- 
controlled mereury-are rectifier or inverter tube has always 
seemed strained or abnormal for an are, particularly in an in- 
verter where the ‘anode is positive most of the time in whieh the 
current is not flowing from anode to..cathode....This is an 
unstable condition and since the cathode is, always active, there 
is always the possibility of the equilibrium being upset by stray 
ions striking an are with consequent loss of grid control. The 
use of the new method described in the paper will tend to remove 
these strained conditions, since the cathode hot-spot emission 
has ceased when the current is not flowing. As a consequence 
7 lons reaching} the- electrodes are not-| ikely to cause a 

“‘misfire,’’ that is, one tube firing at the: wrong time and another 
tube of the circuit’ failing to fire. Under | these conditions, 
stability exists at the anode, the cathode is acting as a rectifying 
negative electrode, and the prid is absent. 


As stated by the author; the elimination of the grid is an ad- 
vantage in designing the anode structure. At present, the small 
glass bulb mereury-are tubes seem to have lost popularity, due 
to the necessity of tilting the bulb for starting, and the annoyance 
of restarting in ease of failure of the power supply, unless ex- 
pensive automatic tilting equipment is used. Also the lack of 
voltage control of the mercury-are tube means a disadvantage 
in comparison with a field-rheostat controlled motor-generator. 
The suecessful development of the new device will remove both 
of these disadvantages and should bring the small mercury-are 
tube back into popularity. However, for voltage control, only 
single-anode tubes ean be employed. 

An important question concerning the new starter which 
replaces grids, is the deionization time required for the hot-spot 
to become inactive. Has the author performed any qualitative 
or quantitative experiments which would indicate the order of 
magnitude of this? Another factor which requires consideration 
is the power that the new starter may require, which may be 
1,000 watts or more. This power is much larger than is required 
by grids except in very large sizes of tube. Is all this power lost 
as heat in the ignition circuit or is there a possibility that some 
of this power may be utilized to diminish the cathode drop of 
the main are, and therefore cannot all be considered a loss 
chargeable to ignition? Would it be possible to diminish the 
ignition power by the use of a starter voltage wave form specially 
peaked as for example by an auxiliary, saturated transformer 
so that the starter functions only during the ionization period? 
After such ignition the are would maintain itself during the 
active half cycle. 

In addition to describing this particular method of ignition, the 
paper is very useful to those interested in the subject in that it 
describes concisely both the physics and application of the several 
older methods of are ignition. 

R. E. Hellmund: In discussing the theory of the new starter, 
the authors have assumed a smooth surface for the starter and 
they have shown that with certain resistance values the voltage 
and current concentration at the starter-rod mercury junction 
is such as to favor the formation of an are. In practise, conditions 
are likely to be even more favorable due to the fact that the 
starter-rod does not have a smooth surface but a rough contour 
somewhat as indicated in Fig. 1. The cohesion of the mercury 
most likely does not permit it to adhere closely to the rod surface 
in the crevices. This means that there will be point contacts 
such as at (a) and (6), a condition which of course brings about 
much greater voltage and current concentrations than indicated 
by the formulas in the paper. Instead of having direct contact 
as in Fig. 1, we may, of course, have contact through small 
particles as briefly indicated by the authors and somewhat as 
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shown in Fig. 2. Here again the cohesion of the mercury is 
instrumental in creating point contacts. 

A certain similarity in the contact phenomenon just described 
and the latest hypothesis on contact phenomenon described in a 
paper by Ludwig and Baker! and the discussion which I con- 
tributed at the time, is quite obvious. 

Figs. 1 and 2 shown here seem to indicate the reason for the 
absolute reliability of the starter-rods in their functioning. If 
we assumed, for instance, that the phenomenon first takes place 
at (a) but is not sufficient to create a sufficiently sustained 
eathode spot, another spot is immediately available at a second 
point (b), ete. Thus proper operation is always assured. 


a 
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D. D. Knowles: Engineers are familiar with the existing 
types of grid-controlled gas and vapor filled tubes known under 
the trade names grid-glow tube, thyratron, trionode, ete. These 
tubes usually made with hot filament cathodes in an atmosphere 
of mercury vapor, or one of the noble gases such as neon, argon 
or helium are splendid devices for the control of relatively small 
amounts of power and for performing various automatic functions 
where speed of response, silent operation, extreme sensitivity, or 
innumerable operations without deterioration are required. They 
are especially well suited to handle relatively small currents, say 
up to 100 amperes, at voltages even as high as 20,000 to 30,000 
volts. 

For power conversion purposes and the control of heavy 
industrial apparatus, however, they have 3 distinct limitations: 

1. The overload capacity consistent with long life is limited. 
This is due to the fact that the cathode has a definite capacity 
to. emit electrons, this capacity depending upon the type of 
coating, the operating temperature, and the area. Any current 
in excess of this limiting value damages the tube to an extent 
depending upon the overload and the length of time it exists. 

2. Considerable energy is required to maintain the cathode at 
its operating temperature, the actual value, of course, increasing 
as the size of tube increases. 

3. A considerable time is consumed in putting these tubes into 
service. This is especially true of large tubes and is due to the 
time required for the filament to reach operating temperature. 
In some tubes this delay is as much as 30 minutes. 

An obvious solution to at least 2 of these limitations would 
seem to exist in the use of a mercury pool cathode instead of a hot 
filament. When this is attempted, certain difficulties immediately 
appear. To begin with, the conventional pool requires a keep- 
alive are which means a considerable amount of energy for 
excitation and complications in the circuit. It also is necessary 
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to provide a means for starting the keep-alive are. Such means 
are at the best cumbersome and expensive. What is even more 
important, the presence of ionization from the keep-alive are 
makes it difficult adequately to control the main discharge by 
means ofagrid. These difficulties appear to be eliminated by the 
igniter electrode described by Messrs. Slepian and Ludwig. 

The usual starting mechanism and keep-alive is eliminated be- 
cause the igniter electrode starts the are on each positive half 
cycle. 

Whereas the grid in a grid-controlled tube is varied in phase 
to allow the are to start at a predetermined point in the eyele, 
the igniter voltage in the new tubes may likewise be varied in 
phase to determine the point in the cycle at which the are will 
be ignited. The outward effect—the change in average current 
output with phase angle, is therefore the same. 

There is no delay in starting, such as that required to heat a 
filament, and the large overload capacity characteristic of mer- 
cury pools is, of course, inherent. 

It is not surprising, of course, that such a device should have 
some limitations. In small tubes its utility is somewhat limited 
at least for the present, by the fact that the maximum current 
required in the control circuit is of the order of amperes instead 
of microamperes as in grid controlled tubes. 

It is obvious also that a glass tube containing a pool of mercury 
must be handled with a little more care than is necessary with 
other types. This objection, however, is not very serious as is 
proved by the successful use of mercury pool glass rectifiers in 
this and other countries. 

Considering the advantages and disadvantages of this new 
development, however, it appears beyond any doubt, that a new 
line of tubes employing this principle will very shortly become 
one of the most valuable members of the industrial tube family, 
thus beginning a new era in the conversion and control of power 
by electronic means. 
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Othmar K. Marti: This investigation of various means for 
initiating a cathode are is of great value. In this connection, I 
would like to call attention to some earlier work along this line. 

The initiation of an are by the use of a high-resistance electrode 
partly immersed in the mercury cathode was proposed in con- 
nection with the early work on the mercury vapor lamp, 
mention of this being made in British patent No. 13,084, dated 
June 9, 1904, by Butler-Burke. 

In connection with the investigation of cathode phenomena, 
experiments with a tungsten electrode, partly immersed in 
mercury and producing a cathode are, were made in the labora- 
tory of Brown, Boveri and Company, Limited, of Baden, Switzer- 
land, of which an abstract was published in The Brown Boveri 
Review for November, 1929, pp. 303-305, in an article by Mr. A. 
Gaudenzi. Fig. 3 is a reproduction of Fig. 1 of this article. In 
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it, TJ is the tungsten electrode, 0.3 mm thick, partly immersed 
into the mereury cathode pool of vessel J. When current was 
passed through the electrode and the mercury, the tungsten 
electrode became heated, vaporizing the mercury adjacent to it, 
and producing a layer of mercury vapor between the electrode 
and the mercury, thus breaking the contact, and producing an 
are. The total voltage drop in this are was approximately 10 
volts, which consisted entirely of the cathode drop. It would be 
interesting to know what voltage drop was observed by Messrs. 
Slepian and Ludwig when making their investigation. 


According to an oscillogram in the article by Gaudenzi, the 
apparatus acted as a rectifier, permitting currents up to 230 
amperes to flow in only one direction, during the positive half- 
cycle, and blocking them during the negative half-cycle. It is 
conceivable that such a device could be used as a rectifier with 
a very low are drop (10 volts). In the experiments it was found, 
however, that the rectifying action ceased when the inverse 
voltage during the negative half-cycle exceeded 100 volts, so that 
the application of this apparatus as a rectifier would be limited 
to low voltages. 

The experiment was made with a 50-cycle supply, and, ac- 
cording to the oscillogram in the article, the current flow started 
regularly every cycle. 

The controlling of the point in the cycle at which the main 
are to the anode is started, by timing the ignition of the cathode 
are, as suggested by the authors, was proposed by P. H. Thomas 
as early as 1905, as is disclosed in some of his patents. 


We would like to take issue with the statements made in the 
last paragraph of the paper, which seem to infer that unsolved 
and difficult problems are associated with the use of grids for 
controlling the firing of the main anodes, and that the method as 
proposed by the authors would eliminate such problems. In the 
first place, in the rectifiers manufactured by the company with 
which I am associated, no difficulties have been experienced in 
controlling the firing of the anodes with properly designed grids, 
and no difficulties were experienced with their design or construc- 
tion. In the second place, it seems rather premature for the 
authors to state that no difficulties will be experienced in the 
commercial application of the method proposed by them for 
controlling high-current rectifiers. In the third place, it seems to 
be apparent that their method is applicable only to mono-anodic 
rectifiers, and could not be applied to poly-anodic rectifiers, where 
the cathode are burns continuously. It also is evident that more 
power will be required for controlling the firing of anodes by the 
method proposed by the authors than with grid control, for which 
only a small fraction of an ampere, at 100 volts or less, is required 
to control the firing. The ratio of the controlled power to the 
controlling power therefore is greater with grid control than in 
the method proposed by Messrs. Slepian and Ludwig. 

_A. W. Hull: We have checked some of the values reported 
in this paper, using thyrite as the semi-conductor. For the 
sample of thyrite used, an average voltage gradient of 600 volts 
per cm gave reliable starting. This is consistent with the values 
given by the authors. 

This method of initiating arc cathodes puts at our disposal 
an additional means of control over vacuum ares, which is sure 
to find valuable applications. 

J. Slepian and L. R. Ludwig: The question of deionization 
time which Mr, Goodhue raises has a somewhat different signifi- 
cance in the igniter-controlled tube than in the usual grid-con- 
trolled tube. In the latter, a certain time is necessary for the 
ion density in the neighborhood of the grid to fall to so low a value 
that the grid is able to prevent the re-establishment of the are to 
the anode. In the igniter-controlled tube, it is the cathode spot 
of the are itself which must disappear during the period of re- 
versed voltage. With a cold cathode, as in the mereury pool are, 
this eathode spot disappears extremely quickly. Our own experi- 
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ments indicate that this disappearance takes place in less than a 
few microseconds. However, this does not mean that high 
voltage can be applied to the tube immediately after the disap- 
pearance of the cathode spot, since there always is the probability 
of ‘‘backfire”’ and the establishment of a new cathode spot. The 
probability of backfire is large while the residual ionization is 
large, and the probability of backfire decreases to zero as the 
density of residual ionization decreases to zero. Thus, the 
question becomes—how long does it take for the ion density to 
fall to so low a value that the probability of backfire is negligible? 
This question has not yet been investigated in careful detail, but 
our first experiments indicate that a few hundred microseconds 
will be more than enough. 


As Mr. Goodhue mentions, the instantaneous power in the 
igniter is large compared with that required by a grid, but the 
mean power can be made small by using suitable circuits which 
will supply this power only at the moment it is needed, and only 
until the are is struck, but even with these means, the power 
required by the igniter probably will be larger than that used 
by a grid. For small power applications this may be a con- 
siderable disadvantage for the igniter, but for large powers we 
do not believe that it is important. The power consumed by 
the igniter has no effect upon the are drop in the vessel. The 
cathode spot of the are moves away from the igniter as fast as 
it is struck and during most of the half cycle may be a centi- 
meter or more distant from it. 


The account of the work by Gaudenzi given by Mr. Marti is 
very interesting, but, of course, is not an example of striking the 
are by means of a high resistance igniter electrode. It comes 
rather under the classification ‘‘the light contact are starter” 
which is described in section IV of the paper. The voltage drop 
which is observed when the arc is started by the igniter and flows 
to the igniter holder is about 10 volts. 

Mr. Marti seems to be extremely sensitive to any suggestion 
that there are any difficulties in connection with rectifiers or the 
application of grids to rectifiers. 

The only place where problems are mentioned in the last 
paragraph with which Mr. Marti takes issue is in the last sen- 
tence “‘thus, many of the problems associated with the use of 
grids, particularly for large currents, are completely eliminated.”’ 
We do not say that these problems are insoluble or even that 
they are not yet solved, but merely that there are problems. 
Mr. Marti himself admits that, when he requires that his grids 
be ‘“‘properly’’ designed. Such proper design must. certainly be 
for the purpose of preventing some difficulty which otherwise 
would ensue. Does Mr. Marti suggest that the heating of grids 
and the rise in the are drop which they produce present no 
problems to the designer? 

We do not state, as Mr. Marti says, that no difficulties will be 
experienced in the commercial application of the new method 
for controlling high current rectifiers. We simply state that 
elimination of the grid certainly eliminates many of the problems 
relating to the grid. Of course, the new igniter introduces prob- 
lems of its own, but we believe that for high power purposes, these 
problems can be solved in a better fashion than the problems 
imposed by the use of the grid. Our further experience with the 
igniter is confirming this belief. 

As mentioned heretofore, the power required for operating the 
igniter will be much larger than that required by a grid. How- 
ever, if we charge against the grid, the power lost due to the 
increase in are drop which the grid produces, then the situation 
is reversed. The igniter then dissipates less power than the grid. 
The question as to how much power is required to control the 
igniter does not seem to us to be a very important one for large 
power applications. For example, for a 1,000-kw controlled 
rectifier, the question as to whether the igniter takes 1 kw or 1 
milliwatt, seems to us to be very less important than the degree 
of reliability and sturdiness of the controlling device. 
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Synopsis.—The problem of commutation in thyratron rectifiers 
and inverters 1s discussed and a method of using a harmonic circuit 
of reduced kva to force commutation is described. 

By the aid of harmonic commutation, inverters can be operated to 
supply lagging loads and rectifiers can be phase controlled in the 
leading quadrant. A rectifier which is phase controlled 90 degrees 
leading becomes equivalent to a synchronous condenser and may be 
used for power factor correction. 

A duplex type of circuit is described which enables a polyphase 


inverter to produce a sinusoidal voltage and current, and permits a 
rectifier to draw a stnusordal current from the a-c system. 

The inverter is shown to differ from a synchronous converter only 
in that the sum of the a-c and d-c armature reactions of the inverter 
must always be zero. By providing two sets of tubes in the inverter, 
one on the unity power factor axis and the other on the zero power 
factor axis, a crossed axis inverter is developed which will furnish 


a sinusoidal current and voltage for all conditions of load. 
Ss oe | 


INTRODUCTION 


OMMUTATION has not been one of the prob- 
lems to be solved in the development of the 
mercury arc rectifier. The unidirectional conduc- 

tivity of the arc, in combination with the variation of 
the phase voltages, provides an inherent and entirely 
satisfactory means of commutation for purposes of 
simple rectification. This process may be designated by 
the term phase commutation. 

When the rectifier is provided with thyratron grids, 
and operated as an inverter for supplying alternating 
current, phase commutation as used for rectification, 
may still be employed, provided the load supplied by 
the inverter has a leading power factor. Phase commu- 
tation in an inverter is, however, not so satisfactory as 
in the case of a rectifier because it lacks inherent sta- 
bility, and because commercial loads seldom if ever have 
a leading power factor. 

- The problem of commutation as presented by the 
inverter is quite similar to the familiar problem of com- 
mutation in continuous-current motors, because of the 
fact that the thyratron grids are not able to interrupt 
the current through the arc, but are only able to main- 
tain an open circuit once the current has been stopped.! 
Early in the history of the d-c motor the commutating 
pole was developed as an aid to commutation and these 
have proved indispensible in modern machines. 

A method of commutating thyratron equipment has 
been developed which is closely analogous to interpole 
commutation in continuous current machines. This 
method of commutating thyratron apparatus employs 
a harmonic of the fundamental a-c frequency and has 
therefore been called “harmonic commutation.” 

A description of harmonic commutation may be found 
in the December issue of the General Electric Review. 
Since this method of commutating inverters and recti- 
fiers has been described only recently, its general fea- 
tures will be briefly summarized before giving certain 
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applications of this type of commutation to inverters 
and rectifiers. 


HARMONIC COMMUTATION 


One method of applying harmonic commutation is 
illustrated in Fig. 1, which represents the positive com- 
mutating transformer T of a six-phase inverter with 
the thyratron tubes A to F inclusive. At some instant 
the continuous current is entering through tube A and 
the commutating voltage may be assumed as shown by 
the arrow e.. If now thyratron B is fired, the voltage e, 
will transfer the continuous current from tube A to 
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Fig. 1—EnLemMEeNTARY Circuit ror HARMONIC COMMUTATION 


tube B. After tube B has been conducting for 60 elec- 
trical degrees the commutating voltage e. will have re- 
versed because it has triple frequency, and e, will then 
serve to commutate the current from tube B to tube C. 
Thus the harmonic voltage of the commutating trans- 
former may be used to commutate each tube in suc- 
cession. 

The only condition necessary for satisfactory com- 
mutation is that the commutating voltage e, shall 
exceed any difference in phase voltage between the 
tubes under commutation for an interval sufficient to 
permit the current to transfer and the tubes to deionize. 
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An excessive commutating voltage causes no serious 
trouble as in the case of commutating poles, because 
the unidirectional conductivity of the tubes prevents a 
reverse current, or over commutation. 

Any convenient source of voltage may be used to 
produce the harmonic commutating voltage. A simple 
and economical method is secured by connecting a 
static capacitor across the commutating transformer. 
A portion of the direct current must then flow through 
the capacitor, and this builds up a voltage opposing the 
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Fig. 2—WaAvE SHAPE OF COMMUTATING VOLTAGE PRODUCED BY 
A Static CAPACITOR 


current flow, and therefore in the proper direction for 
commutation. Since the direct current flows alternately 
from opposite ends of the commutating transformer, a 
_ eapacitor across the commutating transformer provides 
a voltage of triangular shape as shown in Fig. 2. The 
maximum voltage EF, coincides with the instant of 
commutation, and the interval 2a, as shown in the figure 
represents the conducting period of one tube. When a 
capacitor is used, the commutating voltage will be pro- 
portional to the load current. This is a desirable feature 
in some cases as will be shown later. 

As in the case of continuous-current machines, the 
greater the number of segments, in the commutator, 
(phases in the inverter) the smaller the commutating 
voltage required. In the case of harmonic commutation 
there is however an additional gain due to the increased 
frequency of the commutating voltage with increasing 
phases. However, the advantages of increasing the 
number of phases, are offset by the increasing ratio of 
maximum to average current in the tubes with increas- 
ing phases. 


LAGGING POWER FACTOR OPERATION 


In discussing the performance of an inverter when 
supplying a lagging load the operation becomes rather 
involved. Phase commutation is definitely eliminated 
as a method of commutation, because this will operate 
only in the leading quadrant for an inverter. When 
harmonic commutation is employed, we must provide 
a commutating voltage e, which exceeds the difference 
in phase voltages e, for an interval sufficient to permit 
commutation. However the problem of supplying a 
lagging load from an inverter is more involved than the 
simple matter of commutation. It is convenient to re- 
solve the problem of lagging loads into two cases: 

1. Where the inverter is feeding a system whose 
voltage wave shape is fixed and practically independent 
of the current wave as in the case of rotating machinery. 

2. Where the voltage wave of the system is a function 
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of the current wave and therefore may become distorted 
by the current. 


LAGGING POWER FACTOR OPERATION IN PARALLEL WITH 
SYNCHRONOUS ROTATING MACHINERY 


The simpler case where the voltage wave form is 
definite, corresponds to an inverter operating in parallel 
with synchronous machines. In considering this case 
we must bear in mind the fundamental transformer re- 
lation that the sum of the primary and secondary load 
currents in any transformer must be zero at all instants. 
(Neglecting the exciting current.) When applied to the 
polyphase inverter network shown in Fig. 8, this 
principle of transformer operation requires that the 
output current of the inverter shall be symmetrical 
about the axis of conduction of the tubes. This idea is 
quite important for an understanding of the behavior of 
an inverter when supplying lagging loads. Stating this 
fact differently, we see that since the load currents are 
drawn from the d-c circuit, the output a-c currents must 
at any instant be symmetrical about the axis on which 
the continuous current is supplied. If we compare the 
inverter to a synchronous converter we find that the 
condition just stated is equivalent to stating that the 
sum of the a-c and d-e armature reactions in the in- 
verter must at all instants be zero. 


Fig. 3—Riaip 6-PHAse INVERTER NETWORK 


This may be illustrated for a six-phase network com- 
posed of three separate transformers by referring to 
Fig. 3. If we represent the currents by the letters as 
shown, it is easy to prove that 

A+M+J/J+D=F+4+L+H+C (1) 
Therefore the load current of transformer (I) must equal 
the load current of transformer (II) during the entire 
interval that the continuous current is entering as 
shown. However transformer (I) has just been com- 
mutated while transformer (II) is next to be com- 
mutated. If the d-c supply current be constant, the 
current wave shown in Fig. 4 is the only current wave 
form possible per transformer secondary. In any case 
with a balanced load the current during the interval tz 
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to ¢, must be a repetition of the current during the inter- 
val t; to ts. 

If now the axis of conduction of the tubes be shifted 
with respect to the voltage by changing the phase of the 
grid supply, the current output of the inverter may be 
given any phase relation desired as shown in Fig. 4. 
Here the inverter is shown supplying a current lagging 
the voltage by an angle 6. An inverter may thus be 
made to supply load at any desired power factor by 
merely adjusting the phase of the axis of conduction 


VOLTAGE 
WAVE 


t<-AXIS OF CONDUCTION 


Fic. 4—Current WaAvE SHAPE IN SECONDARY OF A NETWORK 
TRANSFORMER OF A 6-PHASE INVERTER 


with respect to the a-c voltage wave. However, once 
the phase of the axis of conduction has been set, the in- 
verter must supply its current at this power factor and 
no other. 

When an inverter is operated in this manner it be- 
comes equivalent to a synchronous converter, excited for 
normal a-c line voltage, with the brush position variable 
at will. The power factor of the alternating current de- 
pends on the brush position, and also the ratio of the 
a-c to the d-c voltage depends on the brush position, 
and therefore on the power factor. By the aid of har- 
monic commutation a tube converter can be com- 
mutated through the entire circle of 360 degrees as 
shown in Fig. 5. Wemay operate through 180 degrees 
as a rectifier, using phase control of the d-c voltage in 
either the leading or lagging quadrants, and we may 
operate through the entire inverter semi-circle supplying 
loads at any power factor desired from zero leading to 
zero lagging. The tube converter differs from the syn- 
chronous converter only in regard to armature reaction. 
In the tube converter the sum of the a-c and d-c arma- 
ture reactions must at all instants be zero as a conse- 
quence of relation 1. 

When operating as a rectifier in the leading quadrant 
the d-c voltage decreases as the power factor decreases. 
With the voltage approximately zero we may short cir- 
cuit the d-c output and the rectifier then becomes the 
equivalent of a synchronous condenser in that it draws 
a leading current from the a-c system. The commutat- 
ing kva required here will be a maximum because the 
difference in phase voltage ep, is a maximum at the 
instant of commutation and opposes commutation. The 
amount of load is determined by the phase of the grids. 
If the firing of the grids is delayed slightly the equivalent 
rectified direct current is increased and therefore the 
circulating current and kva drawn from the a-c system 
increases. 
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LAGGING POWER FACTOR OPERATION WITHOUT 
PARALLEL SYNCHRONOUS ROTATING MACHINERY 


The case where the inverter is supplying a load whose 
voltage wave form is a function of the current wave is 
further complicated by the fact that the inverter so far 
described can supply only the current wave form shown 
in Fig. 4. If now we load this inverter with a load com- 
posed of a resistance and inductance in parallel, the 
voltage wave will be distorted as shown in Fig. 6. The 
effect of this distortion is to increase the effective value 
of the voltage and also to make commutation more 
difficult. With a small amount of lagging load this 
effect is not serious, but it presents a problem which 
may be serious in a number of applications. 

To illustrate this, we will assume a six-phase inverter 
whose voltage wave form for phase 1 is shown in Fig. 
7A. We will now assume a load which consists of re- 
sistance and inductance in parallel. The resistance com- 
ponent of the current is shown in Fig. 7B. The in- 
ductive current is shown in Fig. 7¢ and the total cur- 
rent for some ratio of resistance and inductance is 
shown in Fig. 7D. The instantaneous power of phase 1’ 
under the conditions of load assumed, is shown in Fig. ° 
7E. With a balanced load the total power must be as 
shown in Fig. 7F. 

The direct current must be supplied at a constant 
voltage to give the phase voltage wave form shown in 
Fig. 7A; therefore when the load is partly inductive 
the continuous current supply, which is proportional to 
the total power, must be pulsating as shown in Fig. 7F. 


Fig. 5—Powerr Factor Crircie For INVERTER AND RECTIFIER 
OPERATION 


With loads which are largely inductive the supply cur- 
rent would become actually alternating. 

Of course this ripple in the supply current can be 
smoothed out with a filter. However this complication 
of a pulsating power is not inherent in the inductive 
load but is introduced by the fact that the voltage wave 
was a stepped wave. A sinusoidal wave of voltage would 
eliminate the necessity for a pulsating power supply, 
and be much more satisfactory in many other respects. 
It therefore appears that the output voltage wave of an 
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inverter must be a close approximation of a sine wave 
for satisfactory operation under all conditions of load. 


SINE WAVE INVERTER 


The cause of the poor voltage and current wave 
forms is inherent in the fact that the point at which the 
direct current enters the network advances by discrete 
jumps rather than by a uniform motion. In order to 
have uniform motion of the point of entry and yet have 
a finite number of points of contact (and therefore 


i 


Fic. 6—Vottrace Wave Distortion Dur To AN INDUCTIVE 
Loap 


tubes) it is necessary to have two tubes which are con- 
nected to the network on different axes, conduct simul- 
taneously. By varying the proportion of the current 
carried by a tube we can cause the equivalent point of 
current entrance to move uniformly from one tube to 
the next. 


One of the circuits which may be employed to ac- 
complish this uniform commutation of the continuous 
current is shown in Fig. 8. Since the tubes here have 
been divided into two groups, each group of which will 
operate as a six-phase inverter, this particular circuit 
has been called the twin-six. 


When tube At, Fig. 8, is in the middle of its con- 
ducting period, the total continuous current is entering 
through it. The voltage across C, is then zero and the 
voltage across C. is a maximum which we have called 
E.. If now tube Bt is fired there will be a voltage E; 
which will tend to transfer current from tube A+ through 
the inductance L to tube Bt. 


HE; = > — €,' (2) 
As condenser C, discharges and its voltage is conse- 
quently reduced, condenser C, is charged in the reverse 
direction and therefore the voltage available for trans- 
ferring current from tube A+ to tube B+ remains ap- 
proximately constant during the interval in which cur- 
rent is transferring in a given direction. Further, this 
voltage, H’;, increases with e, which is proportional to 
the load. Therefore the voltage available for trans- 
ferring current increases with the current to be trans- 
ferred and we have approximately the same wave form 
at all loads. If we make E; proportional to I, the wave 
form will be the same for all loads. The oscillograms 
shown in Fig. 9 were taken on a twin-six inverter sup- 
plying a resistance load. Table I gives the harmonic 
analysis of the voltage wave of this inverter. The 
measured value of the current TJF was 94, which is 
not so far from a poor rotating machine. 
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TABLE I 
IMG ATOINPAL PALE iets y's .- ln sas splote eee tensed ate te 99.95% 
SUC DAVINOMIC He rds o) brehe aie: suevells (aoye fe Paap eeMetete 0.9% 
iehaes en Shh Ember T bce kono 0. 0.8% 
PULL TAA OLTIOWN Chey eae (aoe eta at's 2. nor wNeicere heh Teo es 0.4% 
Ot baramOniC wae erica ok ae ne ahi es Caro 0.9% 
PEW RATMONIC Lp ictetuccens:< Su -sastes: » oe) teat eevee 2.1% 
US GN MAMMIOMIC wer yeventie rn re -ie cleus « ekale st gas le eaten 1.0% 
PG5GH BAarinOnic vere ca ie cae ls Sueve wo apie vate eee epee 0.8% 
L/th Harmonica. pawakeys.s > cls occa v nals ereee tenes 0.5% 
Horny fACtOre aes atest einareres wise ee tels ehh eo caeeNs i Dest hai 
Deviation factors. sews kes bcs se sda aba ee) eles 7.9% 


Harmonics not given were less than 0.2% 


There are several features of the duplex circuit using 
harmonic commutation such as the twin-six shown 
above which are worthy of note. 


PY 


Fie. 7 


A—Voltage wave shape 

B—Current wave shape in resistance load 

C—Current wave shape in an inductive load 

D—Total current wave for a resistance and inductance in parallel 
&—Instantaneous power per phase 

F—Total instantaneous power for 3-phase load or d-c supply current 


First, the slow commutation between the two sets of 
tubes is reinforced by a fast commutation between tubes 
of one set. Thus we have the normal commutation 
process reinforced by a reserve process of commutation. 
In fact one tube may be completely removed from the 
circuit during operation without a failure of operation. 
It is hoped that this reserve commutation will make 
operation more reliable. 

Second, anode bombardment should be reduced in 
this circuit since the current through a tube is gradually 
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reduced to a low value before the inverse voltage is 
applied, and therefore we should have much less ioniza- 
tion present in the tube at the time of deionization. 

Third, the transient voltages incident to rapid com- 
mutation are not present in this circuit. For this reason 
this circuit should be much easier on tubes and trans- 
formers than any circuit in which the rate of change of 
current is very large at times. 


a 


Fig. 8—ELementary Crrcuit ror Twin-Six SINE WAVE 
INVERTER OR RECTIFIER 


The commutating voltage required for satisfactory 
operation of a six-phase full-wave inverter using a static 
capacitor to produce the commutating harmonic is, 

E, = 2 E, sin (6 + a) (3) 
where E, is the maximum value of the commutating 


voltage. In the twin-six circuit using static capacitors 
to supply the commutating harmonic, 
E sales 10° 4 
ic TA Cpl 4) 


where I, is the continuous current, f, is the fundamental 
frequency, P is the total phases, and C is the com- 
mutating capacitor on each commutating transformer 
in pf. 

When the twin-six inverter is supplying a system 
whose wave form is sinusoidal the best value of the 
inter-phase reactor depends on the power factor at 
which the inverter is to supply its load. An exact solu- 
tion for the best value of Lis rather involved. However 
an approximate value is given by the expression, 
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106 E, asin B 
Pemstrep: 7 rfp (5) 
8 Cf ?’P s af iP 
If we assume unity power factor operation for a 60-cycle 
twin-six circuit equation (16) becomes, 


ae 
~ 4.15 C 


where L is in henrys and C is in wf. A more exact'solu- 
tion than that given in equation (5) may be derived 
from the circuit relations shown in Fig. 8, but the 
general solution does not lend itself to a simple numeri- 
cal calculation of L. 

The General Electric Company has now ready for 
test, a 500-kva rectifier using the F.G.41 thyratron tubes 
and employing harmonic commutation and the twin- 
six rigid transformer network shown in Fig. 8, to give 
a sinusoidal alternating current. This rectifier is de- 
signed to be supplied from a 4,000-volt, three-phase, 
60-cycle circuit and to operate at zero leading power 
factor as described above. 

This apparatus will function as a synchronous con- 
denser and may be given the same load characteristics 
as a rotary synchronous condenser, but without many 
of the complications and disadvantages of rotating 
machines. The rectifier operating as a condenser will 
lack the ability to hunt and cannot drop out of syn- 


L (6) 


Fig. 9—OscitLoGRaM OF TwIN-SIxX SINE WAVE IN OPERATION 


chronism. The losses will be lower than those of a 
rotating synchronous condenser of equal rating. 


VARIABLE POWER Factor LAGGING LOADS 
WITH A SINE WAVE INVERTER 


We will now consider the problem of supplying a 
variable power factor load such as an induction motor 
from an inverter. We may now employ a duplex 
type of circuit such as the twin-six circuit described 
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above to eliminate the necessity for a pulsating sup- 
ply current. However there still remains the diffi- 
culty that the alternating currents must at every 
instant be symmetrical about the equivalent point of 
continuous current entrance. An inverter supplying a 
variable power factor load is closely analogous to a 
synchronous converter operating under similar condi- 
tions but with the restriction, noted before, that the 
inverter is equivalent to a synchronous converter in 
which the a-c and d-c armature reactions must always 
exactly cancel. The inverter has no separate field exci- 
tation to cancel any difference between the a-c and d-c 
armature reactions. 
' With this restriction a rotary converter to supply a 
variable power factor a-c load would require two sets 
of brushes operating on different axes. Then as the 
power factor of the load varied the proportion of the 
current supplied through a set of brushes would vary 
correspondingly. Thus if we have brushes on two axes 
the resulting axis of current supply may be at any point 
between the axes of the two sets of brushes. For the 
widest range of power factor variation one set of brushes 
should be on the axis of maximum voltage and the other 
set of brushes on the axis of zero voltage. 
~ Returning now to an inverter; if we have one set of 
tubes operating on the axis of unity power factor load 
and another set of tubes operating on the axis of zero 
power factor load, or operating as a synchronous con- 
denser the inverter may supply any load from zero lag- 
ging to unity power factor. 
In the inverter, as the lead becomes more lagging, 
there will be a téndency forthe voltage across are VN 
Fig. 5, to increase, while the voltage across are NU 
will decreage. ‘This will result in a circulation of cur- 
rent along the axis NS through the tubes which are 
operating ‘as a condenser. Thus the current in the in- 
verter is automatically divided into two parts and the 
tubes operating on axis UV supply the power component 
of ‘the current from the d-c system while the tubes 
poe ypétting on axis NS short-circuit the wattless compo- 
nt of thecurrent. An inverter as just described, having 
two sets of tubes on different axes may be referred to as 
b crossed or quadrature axis inverter. 
| “The chief difficulty encountered in Operating a‘quad- 
tature axis inverter lies in the fact that the commutating 
voltage of the tubes operating on the zero power factor 
axis must have a value sufficient to maintain commuta- 
tion at light loads. For the same a-c wave shape for all 
loads the commutating voltage of the tubes operating on 
the unity power factor axis should vary according to the 
relation 
1 eat (7) 
where 6 is a constant determined by the condition 
of satisfactory commutation and I,’ is d-c current 
necessary to supply the power. The tubes operating on 
the zero power factor axis should have a commutating 
‘voltage which varies according to the relation . 
E” = E, + bI3" (8) 
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I,” is the d-c equivalent of the reactive power which 
must be short-circuited. 

With these conditions fulfilled the twin-six crossed-axis 
inverter will supply lagging loads of any amount and 
power factor without voltage wave distortion. 

The work described above was done in the Research 
Laboratory of the General Electric Co. The author 
wishes to express his appreciation of the great assistance 
given by Messrs. Louis Klauder and G. C. Nonken, 
in the work described. 


_--.. . NOMENCLATURE 


half the’angle during which a tube is con- 


on Ip, 
ducting, or 7 divided by the phases. 
8 = the angle by which the axis of conduction for a 


given phase lags behind the maximum voltage in 
that phase. (2. e., the power factor angle.) 

e. =the instantaneous value of the commutating 
voltage. 

e.’ = the value of the commutating ‘voltage at the in- 
stant of commutation.: (Beginning of the con- 
ducting interval.) 

e.” = the commutating voltage at the end of a con- 
ducting interval. 


Ee = the peak value of the commutating voltage. 

é, = the instantaneous value of the phase voltage to 
neutral of phase 1. 

e,’ = phase voltage to neutral of phase 1 at the instant 
of commutation from phase 1 to phase 2. 

E,, = maximum value of the phase voltage to neutral. 

€» = instantaneous difference i in voltage of two con- 


secutive phases. 
e,’ = difference in voltage of two consecutive phases 
at the instant of commutation. 


EH, = the maximum difference in voltage of two con- 
secutive phases. 

EH; = voltage available to transfer current from a tube 
in one set of a twin six inverter to a tube in the 
other set. 

E, = maximum possible average value of the d-c 
voltage. 

Ea. = average value of the d-c voltage. (Phase con- 
trolled.) 

HE, = maximum voltage across a tube. 

f: =the fundamental frequency of the alternating 
current. 

f. = the frequency of the commutating voltage. 

I, = thed-c line current. 

I, = theaverage current through a tube. 


P = the number of phases in the inverter or rectifier. 
T, = the time available for commutation. 
Ta = the deionization time of a tube. 


1’, = the time required to transfer current from one 
tube to the next. 
® = the electrical velocity in radians or 2 fj. 
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Discussion 


P. M. Currier: This paper should be of particular interest to 
those who have studied and worked with inverter circuits. As 
Doetor Willis intimates, circuits using phase commutation are 
at a disadvantage when one attempts to apply them to loads of 
commercial power factors. He has shown how by the use of 
harmonic commutation static equipment can be built that 
practically duplicates the characteristics of direct or inverted 
rotary converters, and synchronous condensers. 

The sine wave inverter described has particular merit in that 
the a-e vectors have a continuous, almost uniform, motion in- 
stead of progressing by jumps as in some other circuits. The 
transformer windings appreciate this and do not give the tran- 
sient voltages which are incident to a jumping vector. 

It is of particular importance to note that commutation is 
given two chances to take place. If the first slow commutation 
should not function properly for any reason, it is reinforced by a 
fast commutation at the time the next commutating step occurs. 

W. M. Goodhue: In discussing the inherent stability of 
inverters, it should be noted that much depends on the type of 
high-voltage d-e transmission system used. For example, in a 
constant-current system, the failure of one tube to operate at the 
proper instant (misfire) is not likely to cause a heavy short-cireuit 
of the d-e system through the low resistance d-e path of tubes 
(now firing) and the transformers. Also the employment of a 
synchronous condenser (with low leakage-reactance and with 
damper windings), in place of static condensers or harmonic 
commutation, gives a reserve transient source of almost constant 
potential due to the inability of the cross-gap flux, which links 
the damper windings, to change suddenly except by becoming 
peripheral leakage fiux, ete., with very heavy currents. If the 
grid excitation is fed from this same synchronous condenser, 
there is no hunting between inverter and condenser. 

Two questions are asked in the following: 

(1) Will a large load on one phase of an inverter employing 
harmonic commutation cause interruption of service? (2) Does 
this cireuit require a special grid circuit wave form to prevent 
uncontrolled rectification and consequent d-e short-cireuit when 
carrying lagging loads? 

So far as the d-e or average values of current and voltage are 
eoncerned, the tubes of different phases operate in parallel 
(Figs. 1 and 8), with the result that the d-c voltage of the inverter 
set is definitely limited to less than the rated peak stresses of the 
tube (15,000 volts maximum for FG 41, according to G. E. Review, 
Dec. 1932, p. 626, Fig. 8). Therefore, in the opinion of the 
author, what method should be used to meet commercially the 
demands of high voltage d-c transmission without employing 
too many tubes? 

The sine-wave inverter of Fig. 8, that is, the twin-six circuit, 
may be regarded as having twelve phases, since each group of 
six of the twin sixes are out of phase with each other by 30 deg; 
also the cireuit employs inductance lag for dragging out the com- 
mutation period. Could not a simple twelve-phase inverter, 
employing phase commutation, with transformer leakage flux be- 
tween anode coils to drag out the commutation also produce a 
passable sine wave of current within its operating range, of 
leading load, obtained by a synchronous condenser? (Note: 
with a constant-current d-¢ system, the alternating current and 
alternating current voltage may both be constant in magnitude, 
the phase angle varying with load.) 

A eonstant-current high-voltage d-c system has many advan- 
tages in addition to those named above: (1) the prime electrical 
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source consists of alternators; (2) because of the large armature 
reaction usual with modern alternators, they may easily be 
inherently constant-current machines rather than constant- 
potential machines, so that automatic regulators for them should 
be easier to design than for constant-potential machines as is 
customary at present and (3) thecurrent need never be suddenly 
interrupted but by-passed instead, so that the use of circuit 
breakers is possible. with constant current, while with constant- 
potential direct current a short circuit on a branch line will shut 
down the entire system, since circuit breakers on constant- 
potential direct current can operate successfully only at zero 
eurrent. 

A. W. Hull: The possibility of a gradual, instead of abrupt, 
transfer of current from one tube to the next, which Doctor 
Willis has accomplished by his duplex circuit, solves the most 
serious life problem of sealed-off thyratron tubes, viz., that of 
the damage done by the ions which are left in the space when the 
anode voltage reverses. It is well known that these ions delay 
the regaining of grid control, the so-called deionization time, and 
that their impact on the anode may initiate reverse current or 
are-back; but it is not generally realized that they may be 
numerous enough to cause severe sputtering of the anode, suffi- 
cient to coat over insulating surfaces, impair vacuum, and con- 
taminate the cathode surface. 

The following example will show the order of magnitude of 
this disintegration: 

A pair of small phanotron tubes with graphite anodes 2 em in 
diameter were operated in a single-phase rectifier at 2,000 cycles, 
2,700 volts rms, supplying 14 amp to a resistance load. At the 
end of 135 hours they failed from loss of emission, and examina- 
tion showed that the anodes had been eroded to a depth of 1 mm 
over their whole surface. This effect is exaggerated at high fre- 
quencies, because the anode voltage attains high negative values 
before the ions have disappeared; but it is important even at 60 
cycles. Doctor Willis has shown us how to avoid it by trans- 
ferring the current so gradually that there are practically no ions 
present when the anode voltage reverses. 

The high ratio of peak current to average current, which 
Doctor Willis has referred to as partially offsetting the economies 
of a large number of phases, need not be looked upon as ob- 
jectionable, nor appreciably more expensive, if the tubes are 
designed with this in view. It appears that a number of the 
most useful circuits require a ratio of 12 to 1, and it is probable 
that future tubes will be designed for this ratio. 

C.W.Lampson: The General Electric Company at Pittsfield 
has. built a thyratron converter utilizing the twin-six principle 
and operating at zero power factor. This converter has now been 
under test for a period slightly over six months. During this 
time we have had an opportunity to verify the essential correct- 
ness of principle of harmonic commutation as applied to a poly- 
phase inverter or rectifier. 

One incident in the early stages of the test admirably illus- 
trates the third point which Doctor Willis has made concerning 
the reduction in transient voltages afforded by the gradual shift 
of current from one tube to another. The current shifting circuit 
was so adjusted that the rate of shift was reduced leaving a tube 
conducting a considerable amount of current at the instant of 
commutation. Very high transient voltages were immediately 
in evidence on the tube panels, being sufficient to spark over a 
two-inch gap between the tube and ground. The restoration of 
the rate of current shift to normal immediately reduced these 
voltages to a low value. 

Oscillograms taken of the current drawn by this rectifier from 
the line indicate that it is substantially a sine wave at full load. 
At lower loads the wave shape is distorted to some extent but 
means can be provided to maintain this wave shape constant at 
all loads. Measurements of the loss of the rectifier operating at 
approximately zero power factor indicate that efficiencies of 97 
to 97.5 per cent can be obtained corresponding to a loss angle of 
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14 to 18 degrees. This efficiency could undoubtedly be bettered 
in a larger model. 

It is particularly interesting to note that the zero power factor 
rectifier imposes the hardest duty on the tubes that will be 
obtained in any power device. In an inverter, ability to hold off 
forward voltage is important. In the rectifier, ability to with- 
stand inverse voltage is important, but in this device both for- 
ward and inverse voltages of considerable magnitude must be 
withstood. The ability of the tubes to operate satisfactorily in 
this application certainly indicates that successful converters 
of other types ean be built. 

The rectifier being continuously variable in amount of leading 
kilovoltampere drawn and having no moving parts is particularly 
amenable to automatic control. 


R. G. McCurdy: The use of vapor discharge devices for 
rectifiers and inverters creates some very interesting problems for 
the engineer concerned with the inductive coordination of power 
and telephone systems. 

Two distinct problems are introduced, one concerned with the 
a-c components in the voltages and currents of the d-e systems, 
and the other concerned with the departure from sinusoidal wave 
shape of the voltages and currents on the a-c side. For the d-e 
side, experience with the mercury are rectifier has shown that the 
solution is not difficult. With 6- or 12-phase operation and with 
filters of practicable cost the a-c components in the d-e system 
ean be reduced to magnitudes which permit satisfactory co- 
ordination with telephone systems. 

On the a-c side, the problem appears more difficult. In cases 
where a rectifier forms an important part of the load on a power 
system or where it is supplied over a circuit of comparatively 
high impedance at the harmonic frequencies, distortion of the 
voltage wave shape may be considerable, and noise in exposed 
telephone circuits may result. 

This aspect of the rectifier problem is being actively studied at 
present by the Joint Subcommittee on Development and Re- 
search of the N.E.L.A. and Bell System. 

The difficulties with the a-e side of rectifiers have naturally 
created some concern regarding the possible effects of inverters, 
looking forward to some of the proposals which have been made 
for d-c transmission accompanied by inversion and: distribution 
at a-c frequencies at various load centers. It is encouraging to 
note from the paper that there is a considerable advantage from 
the standpoint of satisfactory commutation in the inverter when 
the output current has a reasonable approach to a sine wave 
shape. Judging from the analysis given in Table I of the paper 
and the measured value of current TIF quoted, some advance 
has been achieved in this respect over the waves encountered 
with many mercury are rectifiers in commercial operation. It 
seems highly desirable to recognize the inductive coordination 
aspects of this development in its early stages and well in advance 
of the commercial application to operating systems. 

H.C. A.Sabbah: Harmonic commutation has also been ap- 
plied by the writer.‘ In fact, the criterion given on pages 294 et 
seg., of the above references shows that all series type circuits 
ean be used to supply variable lagging power factor loads. All 
polyphase circuits which use interphase transformers come in 
this class also, if the interphase transformer is shunted by con- 
densers or by a stiff harmonic supply voltage. 

The inverter cireuit given in Fig. 1 is one which has been 
worked out by the writer for supplying a load of any power factor. 
In this cireuit the harmonie commutating voltage is supplied to 
the interphase transformers by the eapacitors C:, Cs, and C;. 
Here the capacitors mentioned operate on the 2nd harmonie of 
the fundamental frequency. It is also interesting to note that 
these commutating capacitors only have to carry at most 14 of 
the load current and their size is accordingly reduced. This is 
due to the fact that they have to earry only the a-e component 


1. General Electric Review, 1931, May, p. 288, October, p. 580 and 
December, p. 738. 
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of the rectified load current per phase. The d-c current is carried 
by the interphase coils. The fluxes resulting from the d-c cur- 
rents neutralize in the three phase core of the interphase trans- 
former, which greatly reduces the size and cost of this structure. 

Neglecting for the moment the effect on output wave shape, 
it is only necessary for the purpose of accomplishing practical 
commutation that the commutating capacitors C,, C2, C3 carry a 
current of the order of magnitude of the exciting current of the 
interphase transformer at the 2nd harmonic frequency. This 
would be sufficient to stiffen the interphase voltage during a 
period larger than the deionization time of the tubes. From a 
practical point of view it is desirable to have a good wave shape 
on an inverter and the writer has found that one of the most 
economical ways of accomplishing this desirable feature is to 
connect three capacitors, C,’, C2’, Cs’, across the output of the 
inverter as shown in Fig. 1. The function of these capacitors 
is to remove harmonies which are causing the wave deformation. 
To accomplish this purpose they should offer a low impedance to 
the 5th and higher harmonie eurrents around the load. The 
effective value of the sum total of these harmonies is of the order 
of 44 of the load current. 

In this circuit current commutation can be made very gradual 
since the commutating current is only 44 of the direct eurrent 
and the time allowed for commutation may be as much as 60 
degrees with a theoretical limit of 240 degrees. With the ar- 
rangement as shown, which employs three commutating capaci- 


D-c supply 


Fig. 1—A Fun 
Wave THREE- 
Puase INVERTER 
Usine SECOND 
Harmonic Com- 
MUTATION ; ce 


tors, more than one tube ean be in a conducting state at one time. 
This permits us to allow each tube to conduct for a period as much 
as 240 degrees (see previous reference, page 739). This gives us a 
good utility factor on the conducting time of the tube and permits 
them to earry higher momentary loads. 

C. H. Willis: The specific questions of Mr. Goodhue may 
briefly be answered as follows. 

1. Any polyphase inverter will operate with a considerable 
load unbalance. However, when there is no parallel rotating 
machinery the current unbalance causes a compensating voltage 
unbalance because there is no energy storage in the inverter. The 
d-e energy is supplied in a steady stream and therefore the sum 
of the polyphase circuits must absorb energy at a constant rate. 

2. The grid voltage of any inverter must be negative during 
the entire non-conducting interval of the tubes. Harmonie 
commutation offers no advantages in this respect. 

3. The problem of high-voltage inverter operation may be 
solved either through the use of higher voltage tubes or by em- 
ploying series inverter units. This problem is rather in advance 
of the present stage of development. 


4. Any improvement of the wave shape by the use of leakage — 


reactance involves a corresponding reduction of the power factor of 
the load. This reduction is of serious magnitude where phase com- 
mutation is used. It has the further disadvantage that the wave 
shape varies greatly with the load. The twin-six circuit has the 
advantage of giving practically the same wave shape for all loads. 
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